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To every person that has supported me during these years

"Science is not only a discipline of reason but,
also, one of romance and passion".
Stephen Hawking
"But nature is always more subtle, more intricate, more elegant
than what we are able to imagine".
Carl Sagan

Abstract
Epithelial migration plays an important role during re-epithelization phase in
wound healing. Several skin diseases, such as chronic ulcers, fail during this
stage. During last years a new insight into this problem has arisen introducing
a mechanical point of view of this process. Kinematics and density distribution
within the epithelium play key role during collective migration. Besides, the
capacity of cells to proliferate and provide the tissue with new cells enhance the
ability of them closing the wound.
The evolution of the leading edge have shown that experiments performed at
starvation stopped at some point whereas those performed at normal condition
kept advancing.
A deeper study of the velocity ﬁelds showed that, cells several rows behind
the edge barely moved during the whole experiment. The experiments without
proliferation showed a sudden increase in velocity that rapidly decayed after
some hours while experiments at normal conditions kept a positive velocity
during the whole time.
Although velocity proﬁles showed a completely diﬀerent behaviour between
experiments performed at normal conditions and at starvation, the study of
density distribution of cells inside the tissue exhibit almost the same proﬁles.
This result leads to the idea that cells acquire a well established proﬁle to move,
’advancing formation’, with lower density at the front where cells with greater
velocity are found and many rows behind, conﬂuent cells, which display slower
velocity.
Cell migration results from the interplay of mechanical and chemical in-
teractions between cells and their extracellular environment. Mathematical in
silico models can reproduce experimental results and can predict diﬀerent fu-
ture behaviours. Due to the complexity and huge amount of data obtained
from in vitro experiments, an emergent need of bioinformatics and mathemat-
ical models have appeared although experiments will always be needed. The
main advantage is their ability to handle multiple interacting variables simulta-
neously, which is diﬃcult to deal with in experiments. Here, we introduce the
novelty of density ﬁeld into Banerjee et al. model with the polarization force
term proposed by Arciero et al. which mimics better our experimental results
and is more physiological. The combination of both has provided good results
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for the starvation case studied. The temporal evolution of the monolayer length
has been ﬁtted to obtain the set of free parameters of the model to be later
used to calculate the main variables governing the problem, displacement, den-
sity and concentration of contractile units. The real size of the cell culture has
shown to be an important factor to be under consideration in regulating the
density distribution in the model. Besides, the study of of several parameters
in the model has shown to exert little inﬂuence on the solution. Diﬀusivity or
internal pressure could be then removed from the model without inﬂuencing
signiﬁcantly the results.
Transepithelial potential (TEP) is deﬁned as the voltage across an epithe-
lium which is the sum of all the voltages of single cell membranes. After epi-
dermis wounding, this transepithelial potential is disrupted inducing endoge-
neous epithelial electric ﬁelds (EEF) that might be implicated in wound re-
epithelization.
In this work we present an epithelial cell monolayer electrical characteriza-
tion by means of impedance spectroscopy techniques. We have study a wide
range of frequencies and three diﬀerent voltages leading to the conclusion that
cell monolayer exhibit a linear impedance behaviour. Given that results, we
proposed an equivalent electric circuit to better understand cell-cell and cell-
substrate communication. Besides, 2D wound healing assays were performed
and external electric ﬁelds were applied to force diﬀerent migration rates im-
proving the ability of cells to migrate towards the wound. Finally, internal cal-
cium concentration was monitored for the diﬀerent external voltages showing
higher concentration in those experiments performed with the largest electric
ﬁeld at the beginning of the experiments. This result suggests that cell-cell com-
munication is enhanced by electric ﬁelds improving ion exhange and therefore
improving migration rates.
This thesis has provided an important knowledge in the physics governing
cell migration to Termeg group. We have started a new research line study-
ing collective cell migration, mechanical forces or electric ﬁelds involved in the
process of wound healing in vitro.
Resumen
La migración de células epiteliales juega un papel muy importante durante la
fase de reepitelización en el proceso de cicatrización de heridas, embriogénesis,
invasión de cáncer o la respuesta inmune. Muchas afecciones de la piel tales
como las úlceras crónicas fallan durante esta fase. Durante los últimos años
se ha dado un nuevo entendimiento a este problema estudiándolo desde un
punto de vista físico y mecánico. La densidad celular y la velocidad adquirida
por las células dentro del epitelio son variables esenciales durante la migración
colectiva. Además, la capacidad de las células de proliferar y aportar al tejido
nuevas células aumenta la habilidad de cerrar la herida. La evolución temporal
de borde de la herida ha demostrado que los experimentos llevados a cabo sin
proliferación se paran al cabo de cierto tiempo mientras que los que se realizaron
en condiciones normales continuaron avanzando a velocidad constante.
Un estudio más detallado de los campos de velocidad mostró que, las ca-
pas de células detrás del borde de avance apenas se movieron durante todo el
experimento. Los experimentos sin proliferación mostraron que inicialmente el
tejido adquiere una velocidad comparable a los experimentos con proliferación
pero a las pocas horas la velocidad decayó abruptamente. En cambio en los ex-
perimentos en condiciones normales las células mantuvieron una velocidad casi
constante aunque también menor con el tiempo y atenuada con la distancia al
borde.
A pesar de que lo perﬁles de velocidad mostraron un comportamiento to-
talmente distinto entre los dos tipos de experimentos llevados a cabo, con y
sin proliferación, el estudio de la distribución de densidades dentro del tejido
mostraron perﬁles muy similares. Este resultado sugiere la idea de que las célu-
las adquieren una "formación de avance" o distribución espacial de densidades
bien establecida para poder migrar de manera eﬁciente. Este perﬁl muestra
bajas densidades en el borde, donde se desarrollan las velocidades más altas
y densidad de conﬂuencia a una cierta distancia del mismo, donde las células
apenas se mueven.
La migración celular resulta de la interacción mecanica y química entre
células y el ambiente extracelular que las rodea. Los modelos matemáticos in
silico pueden reproducir resultados observados experimentales y pueden prede-
cir comportamientos futuros. Debido a la complejidad y la enorme cantidad de
iii
iv Resumen
datos que se obtienen de los experimentos in vitro actualmente se requieren de
herramientas bioinformáticas y modelos matemáticos para sus análisis, aunque
los experimentos siempre sean necesarios. La mayor ventaja es la habilidad de
manejar múltiples variables que interaccionan entre sí mientras que experimen-
talmente es más complejo de estudiar.
En esta tesis introducimos una mejora al modelo desarrollado por Banerjee
et al., incorporando una nueva variable que hemos visto que es imprescindible
en la migración celular colectiva, la densidad. Además, se sustituye el término
de fuerza de polarización que establece el movimiento por un término más ﬁ-
siologico, propuesto por Arciero et al. y que representa mejor los fenø’menos
observados en los experimentos. La combinación de ambos modelos ha propor-
cionado buenos resultados en la simulación de experimentos sin proliferación.
Se ha realizado un ajuste a evolución temporal del borde o tamaño del tejido
para obtener los valores de las constantes o parámetros libres del problema
para después obtener el resto de las variables que componen el modelo, los de-
splazamientos, la densidad y la concentración de elementos contráctiles. Por
otro lado, se ha observado que tanto la condición inicial del perﬁl de densidad
como el tamaño real del tejido afectan de manera notoria a los resultados que
el modelo es capaz de proporcionar. Finalmente se ha estudiado la inﬂuencia
de los parámetros y por tanto, cierto términos de las ecuaciones del modelo,
resultado que tanto la difusividad y presión interna no juegan un papel muy
relevante.
El potencial transepitelial (TEP) se deﬁne como la tensión que existe a través
de un epitelio que resulta ser la suma de todos los voltajes de membrana de las
células que lo forman. Tras hacerse una herida en la epidermis este potencial
transepitelial se perturba induciendo un campo eléctrico endógeno en el tejido
que está implicado en el proceso de reepitelización de la herida.
En este trabajo presentamos la caracterización eléctrica de una monocapa
celular a través de técnicas de espectroscopía de impedancia. Hemos estudiado
un rango de frecuencias muy amplio y se han aplicado tres tensiones alternas
diferentes donde el tejido a mostrado una impedancia lineal. A la luz de los re-
sultados obtenidos se ha propuesto un circuito eléctrico equivalente que intenta
reproducir la comunicación célula-célula y célula-sustrato. Además se han real-
izado experimentos de migración en los que se han aplicado campos eléctricos
para forzar distintas respuestas celulares mejorando la habilidad de las células
para migrar hacia el espacio libre. Finalmente, se ha monitorizado la concen-
tración de calcio intracelular para distintos voltajes aplicados observando que
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la concentración de calcio era mayor y en más células en aquellos casos donde
el campos eléctrico era más elevado. Esto sólo se observó al comienzo de los
experimentos , mientras que a las 24 horas la concentración de calcio era muy
similar en todos los casos. Esto sugiere que el campo eléctrico dispara o acelera
la comunicación célula-célula y por tanto la coordinación en la migracón.
Esta tesis ha proporcionado un conocimiento muy importante de la física
subyacente en el proceso de migración para el grupo Termeg. Hemos comen-
zado una nueva línea de investigación en migración celular, fuerzas mecánicas
o campos eléctricos involucrados en el proceso de cicatrizción celular in vitro.
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1.1 Motivation
Until 21th century the ﬁelds of cell biology and biochemistry played the ma-
jor role describing the current understanding of tissue organization processes
such as embryogenesis, morphogenesis, and tissue repair [20]. Mainly their
explorations focused on characterizing the structure and chemistry of biologi-
cal processes. Evaluating complex in vivo activities, especially those involving
multiple interacting elements, were isolated as unworthy studies.
But, from the simplest unicellular organism to the most complex animal,
all living systems interact with their physical environment so it is becoming
increasingly clear that the mechanical interactions have meaningful eﬀects on
dermal tissues and may have broad pathogenic impact [26].
During the last years physicists and engineers have provided with new meth-
ods a new insight into important questions that remained open. Accurate un-
derstanding of many physiological processes must be thought as a controlled
system such as the complex machinery driving wound healing.
1
2 Introduction
Several factors can lead to impaired wound healing and depending on their
nature, local or systemic, they can inﬂuence the characteristics of the wound
or the disease state that aﬀect the ability to heal [7]. Some skin diseases are
caused by the disordered movement of cells, for example chronic ulcers, causing
prolonged pressure on the tissues.
1.2 Background
1.2.1 The skin
The skin is the largest organ of the body, typically making up 15% to 20% of
total body weight, with an external surface area of 1.8m2 in adults. It has sev-
eral functions but the most important is protective, being the physical barrier
against the environment, controlling the passage of molecules and ions while
providing protection against micro-organisms, ultraviolet radiation and toxic
or mechanical agents. It is also composed by many sensory receptors that con-
tinuously examine the environment. The skin also acquires a thermoregulatory
role, keeping body temperature constant. As metabolic function, for instance
skin cells synthesize vitamin D, needed in many processes [1]. Skin is a dynamic
organ in a constant state of change, as cells of the outer layers are continuously
lost and replaced by inner cells moving up to the surface [10].
Human skin is composed of three structural layers: the epidermis, the der-
mis and hypodermis (ﬁgure 1.1). The epidermis is the outermost stratiﬁed
squamous keratinized layer of the skin composed of cells called keratinocytes
[1]. It is an important barrier between the organism and its environment, pro-
tecting it from physical, chemical, and microbial damage, and it also regulates
the function and integrity of the underlying connective tissue [12]. The dermis
is the layer of connective tissue that supports the epidermis and binds it to the
hypodermis with and irregular surface. Finally the hypodermis consists of loose
connective tissue that joins skin to subjacent organs and it is mainly composed
of adipocytes [1].
1.2.2 Wound healing
Tissue restoration is one of the most complex biological processes that take
place during human life. After the injury many intracellular and intercellular
pathways must be activated and coordinated since skin integrity and homeosta-
sis need to be repaired [6]. Many cell types are involved during this process,
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Figure 1.1: Skin layers. The outermost stratum is the epidermis, an stratified layer
of keratinocytes. Underneath it is found the dermis that consists of dense irregular
connective tissue and cushions the body from stress and strain. Finally the hypodermis
is the innermost layer of the skin, mainly used for fat storage [1].
such as neutrophils, monocytes, lymphocytes, endothelial cells, keratinocytes
and ﬁbroblasts proliferating, diﬀerentiating and migrating, depending on their
functions. Due to the complex process of wound healing, it is worth highlighting
that rarely becomes uncontrolled leading to malignant formation. Injury repair
provides a functional tissue with cells and a disorganized matrix, the scar.
For a wound to heal successfully, all stages must occur in the proper se-
quence and time frame [7]. There are three classic overlapped stages of wound
repair: inﬂammation, granulation and remodelling ( ﬁgure 1.2).
Inflammatory phase
Takes place right after wounding since vessels disruption provokes leakage of
blood that coagulates due to platelet aggregation forming the ﬁbrin clot. This
clot promotes the release of cytokines and growth factors promoting immune re-
sponse where cells such as leukocytes, macrophages, etc. migrate to the wound
area to avoid bacteria contamination or infection (ﬁgure 1.2(a)) [20], [7].
Granulation tissue
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This stage consists mainly on epithelial proliferation and migration of ker-
atinocytes from the wound edge towards the free space over the provisional
matrix (re-epithelization) (ﬁgure 1.2(b)) [20],[7].
Remodelling
The ﬁnal phase is the matrix formation and restoration of the mechanical prop-
erties of an uninjured skin to approach to normal tissue architecture (ﬁgure
1.2(c)) [20],[7].
Re-epithelialization (ﬁgure 1.2(b)) after trauma or wounding has to be a
robust process to restore the skin barrier function. Just right after wounding,
epithelial keratinocytes are exposed to pro-migratory molecules, growth factors,
cytokines and endogeneous electric ﬁelds that activate their migration towards
the wound [12]. The most accepted model of re-epithelization proposes that
basal keratinocytes found close to the wound edge migrate towards the wound
matrix during the ﬁrst 24 hours creating an epithelial tongue. Once the re-
epithelization is well established basal keratinocytes found far from the edge
start proliferating within the 48-72 hours after the injury to guarantee a suitable
amount of cells to close the wound [12], [9].
Wound healing implicates the expression of several extracellular matrix
molecules, their receptors at the membrane (integrins) and the release of growth
factors. Besides, the disruption of cell-cell contacts due to the injury decreases
the extracellular Ca2+ concentration, the transepithelial potential (TEP) is dis-
rupted creating electric ﬁelds that promotes the re-epithelization process[12].
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(a) Inflammatory phase
(b) Granulation tissue formation
(c) Remodelling phase
Figure 1.2: There are three classic wound healing stages: inflammation (figure
1.2(a)), granulation(figure 1.2(b)) and remodelling (figure 1.2(c)) phases [6].
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1.2.3 Cell migration
As mention before, cell migration plays a key role in the formation and home-
ostasis of multicellular organisms. Cell migration can be divided into two cat-
egories:single cell migration where cells migrate individually, and collective cell
migration, in which cells move keeping tissue integrity.
Single cell migration
Single cell migration is the process by which isolated cells move through or
along tissues in the body to a speciﬁc position. Although the stages of single-
cell migration over a substrate has been widely studied and characterized [24],
modern imaging and molecular techniques have enabled the correct visualization
of this process. Formation of lamellipodium polarizes the cell that migrate into
an speciﬁc direction but only long distances in the presence of chemical gradients
or physical cues. For example, leukocytes are highly attracted to inﬂammatory
chemokines released by various cells.
Figure 1.3: Illustration of single cell migration mechanism. Symmetry breaking
lead to cell polarization and guided motion. [24].
Single-cell motion (ﬁgure 1.3) involves diﬀerent steps or mechanisms:
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Polarization Cells polarize towards a certain direction as a response to a
spatial asymmetry in chemical concentrations, forces, electrical cues, etc. cre-
ating a clear distinction between cell front and rear. An important consequence
is the extension of the membrane at the leading edge with a high concentration
of polimerized actin in that region.
Protrusion Protrusion refers to membrane extensions in the direction of
migration. It involves the expansion of the plasma membrane, stablishments of
contact adhesions to eh substratum providing traction for the movement and
actin polymerization.
Adhesion Adhesion to the substratum takes place mainly by integrin recep-
tors in the protrusion area. It also links the substratum to the actin cytoskele-
ton. Around 150 diﬀerent molecules are involved in cell adhesions organized
into signaling complexes and regulating several pathways and processes such as
microtubule dynamics or actomyosin contraction.
Contraction Cell body translocation by cell rear contraction of the acto-
myosin cytoskeleton is not well understood. Rear retraction requires the coor-
dinated contraction of the actin cytoskeleton and disassembly of the adhesions
at the trailing edge.
Release For productive advance of the cell body, contractoin must be cou-
pled to release of the adhesions at the cell rear. Rear retraction requires the
coordinated contraction of the actin cytoskeleton and disassembly of the adhe-
sions at the trailing edge.
Collective cell migration
There are many biological processes involving cell displacements, such as tissue
development, healing or invasion processes where cells move in groups rather
than as singular cells like blood cells [21]. This movements is referred as collec-
tive cell migration since cells move together and has to coordinate their direction
of motion with respect to surrounding tissues, travelling reliably large distances
[21], [11],[22].
Wound healing process requires an eﬀective cell migration towards the wound
bed over long distances. Breaking the "symmetry" requires either external
chemical gradients (chemotaxis), cellular conﬁnement (haptotaxis) to direct
the movement or guide cell movement in a particular direction [24]. Collective
migration is crucial to maintain tissue integrity during remodelling allowing
motile cells to pull immobile cells and assure adequate cell density or distri-
bution within the tissue. This collective behaviour (ﬁgure 1.4) is an emergent
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phenomenon refers to movement patterns over length scaler that are typically
larger than individual cell sizes [24],[11].
Figure 1.4: Collective migration. Cells in a confluent monolayer are subject to
contact inhibition of locomotion (CIL) resulting in little migration. Availability of
free space to migrate breaks the symmetry and polarizes the cells at the edge toward
the free spac and promotes cell motility [24].
According to several studies, one of the most important parameters gov-
erning an ordered collective migration is the density of cells (or particles) con-
stituting the system [24], [11]]. Although there is a local spatial coupling,
characteristic in theses systems, these emerging collective movements impose a
large-scale cell coordination providing strong multicellular mechanical coupling
and biochemical signalling that assure a robust migration in complex environ-
ments. One of the most diﬃcult factors studying these systems is uncoupling
the mechanical contributions from the biochemical processes [11].
In vitro wound-healing assays have revealed that cell interactions with the
extracellular matrix (ECM) at the cells found at the wound edge leading to cell
polarization and cytoskeletal rearrangements which are typical characteristics
of leader cells (ﬁgure 1.5) [16].
Defective cell migration can be a limiting event in wound healing. Therefore,
in vitro assays studying wound healing have been widely used. A conﬂuent
cell layer is wounded under determined conditions and the migration of cells
into the formerly cell-populated area is analysed [24], [2]. The cell culture
surface is frequently coated with extracellular matrix components to simulate
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Figure 1.5: Leader cells polarization towards the wound edge direction of migration.
This phenomena has been observed either in vivo and in vitro experiments [16].
and study diﬀerent cell-matrix interactions. By studying the wound healing
process, possible medical treatments can be screened in vitro before startingin
vivo experiments. Therefore, in vitro assays are an excellent tool to study the
impact of speciﬁc compounds, as well as the inﬂuence of genetic alternations
on the healing process.
1.3 Scope of the thesis
The healing of acute wounds progresses smoothly, transitioning from one phase
to another and resulting in stable wound closure. However, sometimes (of-
ten due to systemic conditions such as diabetes or venous insuﬃciency) re-
epithelilization fails to complete, leading to the development of chronic, non-
healing ulcers (mostly in the skin) that compromise the quality of life of the
aﬀected individuals and expose them to potentially life-threatening infections.
Contrary to acute, normally healing wounds, wound edge keratinocytes in
chronic ulcers are highly proliferative, are unable to migrate, and do not display
markers for epidermal diﬀerentiation [12]. For this reason is so important to
understand ﬁrst the mechanisms governing normal wounds so that we could
then study in a proper way which is the failure in chronic ulcers or cells from
patients.
Practically, many aspects of the migratory behaviour of cells can conve-
niently be studied in vitro by using the classical "wound-healing" scratch as-
say, in which a conﬂuent epithelium is scratched with a tool such as a pipette
cone or a razor blade, so as to mechanically remove a "strip of cells" from the
monolayer. The progression of the remaining cells during the "healing" of this
"wound" is then observed under the microscope for durations ranging from a
couple of hours to a few days, and the analysis of the cells’ progression provides
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important indications of the motile phenotype of the cells [15].
Recently, in the literature new mathematical models ([13], [5], [8], [3], [4],
[22], [25], [23]) have shown up trying to reproduce and replicate cell monolayers
migration applying diﬀerent conditions and assumptions. These models might
help understanding and predicting diﬀerent behaviours such as mutations or
cell-matrix interactions. We seek for a model that help us undertanding diﬀerent
factors aﬀecting coordinated migration during wound healing and for latter
study of skin disseases and mutations.
Additionally, when an epithelium conﬂuency is disrupted an electrical elec-
tric ﬁeld appears. Diﬀerent epithelium have been characterized, showing elec-
tric ﬁelds on the order of 40 mV/mm in corneal wounds to the order of 200
mV/mm in mammalian epidermis. There is a need to better characterize the
transepithelial potential(TEP) and the electrical response of cell monolayers to
external electric ﬁelds in conﬂuency and during wound healing ([14], [17], [19],
[27], [18]). Endogeneous electric ﬁelds have been proposed as a new cue guiding
cell migration.
In this thesis we have characterized the impedance behaviour of a cell ep-
ithelial monolayer in conﬂuency and then we have excited with electric ﬁelds a
distrupted monolayer forcing diﬀerent migration rates.
1.4 Outline of the thesis
In the chapters that follow, we discuss physical aspects involved in the process of
re-epithelization during in vitro 2D wound healing. In chapter 2, we investigate
the role of proliferation in cell monolayer migration and its eﬀects on velocity
ﬁelds and cell density distribution within the epithelium. In this chapter we
also explain the algorithm used to calculate the velocity ﬁeld through Parti-
cle Image Velocimetry, that performs a cross-correlation between consecutive
images, the maximum peak of the cross-correlation matrix provide the most
likely displacement between them. Results show that although inhibition of the
proliferation force the cease at some point of the cell migration, we found that
the ﬁnal density proﬁle between the two diﬀerent conditions are very similar.
In chapter 3, we propose a continuum mathematical model that might repro-
duce the results observed in the experiments shown in chapter 2. This model is
mainly based on previous published model [4] with some modiﬁcations based on
our experience and another model [3]. Besides the experimental results that we
have observed and shown in chapter 2 were used to ﬁt to perform the ﬁt of free
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parameters for the cases without proliferation. We obtained a system of three
partial diﬀerential equations for the displacements, density and concentration
of contractile elements. The results from the mathematical models reproduced
very well what we observed in the laboratory and helped us quantifying some
physical parameters we were not able to measure.
In chapter 4, we further explore the eﬀect of external electric ﬁelds ap-
plied to migrating monolayer and the impedance characterization of the intact
epithelium. We propose an equivalent model that allowed us to capture the
phenomena driving this process. This model can be used for future analysis of
illnesses, full developed 3D epithelium characterization, calcium channels inﬂu-
ence on cell-cell communication, etc. We found that cell monolayer exhibits a
linear impedance, meaning that it is independent of the applied external volt-
age. Then we study the inﬂuence of the external electric ﬁelds to the migration.
Lastly in chapter 5, we present a summary of the aims and contents of the
dissertation providing the general conclusions and ﬁnal remarks of this study.
To conclude we propose future works to continue this investigation for further
comprehension of the remain open questions.
Nomenclature
ECM Extracellular Matrix
TEP Transepithelial Potential
CIL Contact Inhibition of Locomotion
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2.1 Introduction
Cell migration plays an important role in governing various biological processes
for animal development and physiology [17]. Cells migrate to develop tissues,
during the immune response and wound healing [11]. While the motion of
individual cells has been widely studied ([6] ,[12]), the understanding of the
collective motion of a large number of cells as is observed in tissues still present
important questions open [14].
Although it has been usually considered that cells that composed an epithe-
lium are conﬁned and ﬁxed in position, it has been observed that morphogenesis
can involve coordinated motion in order to maintain tissue integrity [11] [4].
Collective migration is a dynamic process that requires active use of many
cellular structures, such as cytoskeleton, membrane..., but also involves active
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interaction with the environment. These interactions are physical (mechanics)
and also chemical (signaling) which are essential for coordinated cell movement
([11], [17], [21]).
Numerous studies have attempted to explain collective cell migration from
diﬀerent points of view. Previous published studies believe that the formation
and transmission of traction forces exerted from the front to their neighbours
coordinates the overall movement of the monolayer ([16], [4]). They have re-
ported that there is a travelling wave moving inwards the tissue that propagates
the movement [8] and forces. There are many works performed in the study
of the eﬀect of growth-factors such as the one carried out by [18] that led to
better migration rates and allowed to identify proteins involved in migration
([12], [18]) and force transmission. Besides, electrotaxis is a young discipline
focused on the study of the impact that electric ﬁelds have on cell migration
and is leading to the detection of signalling pathways and better migration rates
when external electric ﬁelds are applied ([9], [3]).
Surprisingly, the eﬀects of proliferation on cell density distribution have
not been closely examined in collective cell migration. To the extent of our
knowledge the only works that studied the eﬀect of the density in the migration
of a monolayer was performed by Misfeldt et al. and Tremel et al. ( [10] and
[15]). Misfeldt et al. [10] found that there is a threshold density necessary to
start the healing below which cells did not migrate. On the contrary, the group
from [15] tracked the movement of cells showing that their average eﬀective
velocity was inversely proportional to cell density. The most recently published
work regarding velocity and density during monolayer migration from Tlili et al.
[13] concluded that cell velocity is inversely proportional to cell radius. Besides,
they observe backwards propagating velocity and density waves in antiphase.
In our particular case, we are focused on understanding the mechanisms of
tissue repair in epidermal cell monolayer, which is a model problem less complex
than wound healing. More speciﬁcally, the purpose of this study is to introduce
a quantitative approach of the biological problem of wound healing in a cell
monolayer.
The objectives of this chapter are to determine whether the proliferation in
a migrating monolayer aﬀects the density distribution and the velocity proﬁles
established during wound healing. Qualitative data of custom-made algorithm
that detects cells centroids allowed us to better understand the interplay be-
tween cell expansion(cell division inhibited) and proliferation (normal condi-
tions).
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2.2 Materials and Methods
2.2.1 Cell culture and microscopy
HaCaT cell line is an spontaneously aneuploid immortalised human epidermal
keratinocytes cell line very common in in-vitro experiments due to their ca-
pability to diﬀerentiate and proliferate. HaCaT cells were grown in Dulbeco’s
Modiﬁed Eagles Medium (DMEM 1X, Invitrogen Life Technologies) supple-
mented with 10 % Fetal Bovine Serum(FBS, Thermo Scientiﬁc HyClone) and
1% of Antibiotic Antimycotic(FBS, Thermo Scientiﬁc HyClone).
When 75% of conﬂuency is reached cells are subcultured. Medium is re-
moved from petri disk, then 7 mL of PBS (Phosphate Buﬀer Serum) is added
to rinse the cells and ﬁnally removed with vacuum. Then 2 mL of trypsin is
added and incubated for 10 minutes at 37◦ C/ 5% CO2 allowing the cells to
detach from the plate. Once the cells have been detached, to inhibit trypsin
action 10mL of DMEM with /10% of FBS is added to the petri disk and it is
pipette up and down to remove clumps and resuspend the cells. The dilution
is transferred to a 15mL Falcon tube, a sample of 10μl is used for cell count-
ing and the rest is centrifuge at 1000 rpm for 7 minutes with a balance of the
same volume. The obtained supernatant (10mL of DMEM + 2mL of trypsin)
is poured oﬀ to remove trypsin and deposited cells at the bottom of the tube
is resuspended in fresh medium at the more convenient concentration.
To perform cell counting a sample of 10 μL is taken and transferred to
Neubauer’s chamber (ﬁgure 2.1) before the centrifugation stage. To provide
more statistically consistent number, at least the measurement is repeated three
times.
Although there is a variety of automated cell counting instruments, hemo-
cytometers remains the most common tool for cell counting in laboratory.
Neubauer’s chamber is a thick glass plate with two shaped ruled areas of 3mm2
divided into 9 large squares of 1mm2 area. Each of them is subdivided into 16
smaller squares. There is a glass cover placed on top of the chamber keeping a
gap of 0.1mm between the cover slip and the ruled area.
Depending on the type of the sample a suitable concentration of cells must
be prepared. If cells are too diluted, the sample size will not be enough to make
strong inferences and if the sample is too crowded it will be diﬃcult to count.
In order to perform a better statistical approximation, we take three diﬀerent
samples to reduce the error estimating the number of cells in dilution. It is very
important to control the number of seeded cells since the density is one of the
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Figure 2.1: Picture of Neubauer’s chamber and grid used for cell counting
parameters under study.
In order to study the inﬂuence of the proliferation in cell migration, two set
of experiments were considered, normal conditions (10% FBS) and starvation
(1% FBS) reducing their capability to proliferate but without inducing cell
death.
Initial cell density a sensible parameter setting up the experiment that is
important to control and make sure that it is the same in both cases (normal
conditions and starvation). Since the cells seeded at 10% FBS are allowed to
proliferate and the ones at 1% cannot, several tests were performed in order
to obtain the initial density at which each set had to be seeded. Diﬀerent ini-
tial densities were cultured and incubated overnight like regular experiments,
the day after cell number was determined by means of Neubauer chamber and
custom-made cell detection program. These tests shown that to start the ex-
periment after 24 hours after seeding at the same density, set N should have
20% less cells than set S due to the proliferation taking place overnight.
In order to create a discontinuity in the monolayer, but avoiding possible
cell death at the edge due to scratching assays, we used a soft elastic sten-
cil, consisting of a crosslinked polydimethylsiloxane (PDMS) piece (Ellsworth
Adhesive Co 184 SIL ELAST KIT).
The procedure to fabricate the stencils follows several steps:
First, mix ten parts of Sylgard prepolymer and one part of curing agent.
Then, to the remove the bubbles the mixture has to be degassed with vaccum.
After, pour into the molds, in our case the same petri dishes used for the
experiments. Cure them at 80◦ C for one hour. After cooling, peel carefully
the crosslinked ﬁlm and using a sharp scalper cut the piece with the desired
shape. Before use, the stencil has to be properly cleaned and sterilized with
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UV light.
Cells are cultured in previously functionalized with collagen 35 mm plastic
tissue culture plates with the stencil and incubated in 5%CO2/95% air at 37◦ C
conditions, and after 24h the stencil is carefully removed releasing a free space
to move.
Figure 2.2: Sketch of PDMS stencil removal and semi-infinite cell culture formation
We used this controlled starvation, reducing the amount of serum in the
culture media as a mean to regulate proliferation and thus force diﬀerent density
distributions. Considering that the eukaryote cell cycle consists of the following
stages (ﬁgure 2.3) and that it last about 24 hours:
- G1 phase: Growth and normal metabolic activities.
- S phase: DNA synthesis replicates the genetic material.
- G2 phase: Metabolic changes enabling cell for mitosis and cytokinesis.
- M phase: Nuclear division (mitosis) followed by cell division (cytokinesis).
It is subdivided in another four stages: prophase, metaphase, anaphase and
telophase.
- G0 phase: or quiescent stage is the phase where cell is not dividing nor
even preparing to divide.
Previous studies, such as the one accomplished in [7], demonstrate that cell
cycle can be synchronized by serum starvation as well as contact inhibition or
chemical treatments. Culturing cells in starvation conditions (1% of serum, set
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Figure 2.3: The eukariotic cell cycle phases
S) increases rapidly the proportion of cells in G0/G1 stage when compared to
cycling cells (10% of serum, set N). However, the percentage of cells in G0/G1
were not increased further by prolonging the serum starvation time. There were
no signiﬁcant diﬀerences in the number of apoptotic cells between the two cases
meaning that by decreasing the percentage of serum we are not provoking the
death of the population.
In order to evaluate cell motion, after 24 hours, a discontinuity in the mono-
layer is carefully created by peeling the PDMS stencil and setting the cells free
to move from the previous conﬁnement. To monitor how cell tissue moves to
close the free space, microscope incubator has been used to enable time-lapse.
This chamber assures that the culture is at the proper conditions of humidity,
temperature and air/CO2 concentration. In particular, the equipment is a UNO
Incubator from OKO Lab. This equipment is placed at an OLYMPUS CKX41
microscope within an PL-B625 electronic camera from Edmund Optics on it
and an phase contrast objective. Experiments were performed for typically 72
hours.
2.2.2 BrdU immunostaining
Bromodeoxyuridine(BrdU) added to the culture media is incorporated into the
DNA of cells that are in the S-phase of the cell-cycle. This procedure allows
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the detection of those cells that are in division process. Cells were seeded
as previously explained but on collagen functionalized coverslips with PDMS
stencils adapted to them so semi-inﬁnite wound can be performed on top it.
Two time points were studied for both set N and set S,the beginning of the
experiment, t= 0 h, and the end of the experiment, t = 72 h. First, BrdU
was added to the culture media at a concentration of 6μl/ml and incubated at
37◦C for 2 hours. After that, cells were ﬁxed with methanol at -–20◦C for 10
minutes.
Then, ﬁxed cultures were treated for 30 min in 1M HCl. This step separates
DNA into single strands, so that the primary antibody has access to the incor-
porated BrdU. After that, nonspeciﬁc epitopes were blocked with with 3%BSA
0.2%Triton X-100 in PBS, for 15 min at 37◦C. Primary antibody (anti-BrdU)
was incubated overnight at 4◦C at 6μl/ml concentration in 3%BSA-PBS. The
next day, secondary antibody (anti-mouse IgG), diluted in 3%BSA-PBS at con-
centration of 1:50 was incubated in dark for 45 minutes at room temperature.
Finally, each coverslip was counted on a microscope slide with moviol and DAPI
(1:1000) (to label the nuclei). Pictures were captured on Olympus CKX-41 di-
rect microscope equipped with Olympus U-RFL-T mercury burner with FITC
and DAPI ﬁlters.
2.2.3 Image Analysis: Cell detection
Image analysis is being done using custom-made codes written in MatLab. The
leading edge detection at each image was performed by using segmentation
algorithms describe in [5].
From the detection of the leading edge, ﬁgure 2.4(a), the temporal evolution
of its position can be obtained. This information provides the instantaneous
velocity of the edge. We consider the gap to be closed when the ﬁrst contact
between the two edges occurs.
Most of the conclusions of this work are supported by our measurements of
cell density. To quantify the number of cells in each image we use the following
morphological operations [2], illustrated step by step in ﬁgure 2.4.
In order to determine cells’ centroid we followed next steps treating the
images:
1. First, detection of the edge of the wound to ﬁlter any noise that might be
detected in there (Fig. 2.4(a)).
22 Relation between velocity and density during monolayer migration
(a) (b) (c)
(d) (e) (f)
Figure 2.4: Different steps of the image processing pipeline for individual cell
detection. 2.4(a) is the original image with the edge detection. 2.4(b) Contrast en-
hancement. 2.4(c) Gap exageration separating cells 2.4(d) Watershed transformation.
2.4(e) Threshold and filtering. 2.4(f) Binary image with individual cells isolated.
2. Second, the adjustment of the contrast to enhance objects and their bor-
ders. Obtaining as a result an image containing peaks and valleys (Fig.
2.4(b)).
3. Then, exaggeration of the gaps among cells maximizing the contrast and
separating the cells (Fig. 2.4(c)).
4. Next, convert objects of interest by watershed transform in order to detect
intensity valleys (Fig. 2.4(d)).
5. And after that, get rid of those objects that should not be considered
(such as dead cells) by applying some thresholds and ﬁlters.
6. Finally, the measurement of properties of the objects detected from the
binary image (Fig. 2.4(f)) to obtain areas, centroids, eccentricities, major
and minor axes, diameters...
Once the individual detections are done, the centroids of the cells can be
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plotted, ﬁgure 2.6 for visual inspection to verify that the algorithm works cor-
rectly. Despite of the change in size with time of the cells, the discontinuity
present at the edge or image boundaries the detection seems to work appropri-
ately.
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(a) Example of the results of the cell detection algorithm
(b) Zoom of the detection near the edge
Figure 2.6: Detection of cell centroids on a sample image applying morphological
operations.
To test the error in cell detection commited by the algorithm a visual count-
ing of cells was compared to the automatic cell detection in thirty images leading
to a mean error of 12.5%. If there is any death cell in the monolayer, it is ﬁltered
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and not considered in the analysis.
In ﬁgure 2.6 an example of cell detection is shown. Visually there is a
good agreement between automatic detection through image segmentation tech-
niques.
2.2.4 Particle Image Velocimetry (PIV)
Velocity ﬁelds were computed in Matlab (The MathWorks, Inc., Natick, Mas-
sachussets, United States), using the open source program PIVlab(Time-Resolved
Digital Particle Image Velocimetry Tool for MATLAB), a free algorithm, de-
veloped by [19]. PIVlab is an open-source particle image velocimetry (PIV)
software which calculates the velocity distribution within image pairs and cal-
culate the cross-correlation matrix of them, thus leading to the most likely
displacement in the frame.
The program gives the opportunity to load a mask in a certain region of
the image where there cannot be a displacement. In our case, the mask were
obtained detecting the edges of the image and the leading edge of the monolayer,
the surface where there is not any cell; and then loaded into the software. In this
way, the program does not compute the velocity in the masked area, avoiding
possible noise or outliers in the velocity ﬁeld.
Figure 2.7: Interface showing the loading of an external mask to avoid the compu-
tation of velocity fields there.
We performed several tests varying the set-up parameters and by visual
inspection and best signal-to-noise ratio we determined the most favourable
combination of them for our experiments.
26 Relation between velocity and density during monolayer migration
We ﬁx ﬁrst interrogation window to 64 pixels with a step or overlap of 32
pixels. Then only a second pass was chosen with a size of 32 pixels window,
leading to a 16 pixels step between vectors. Cells size in the images are around
15-20 pixels, so this conﬁguration yielded to barely one vector per cell.
Figure 2.8: Configuration of the window sizes chosen that better fitted our exper-
iments.
The correlation algorithm chosen for the calculations was FFT winddow
deformation (direct Fourier transform correlation with multiple passes and al-
lowing window deformation). The toolbox include a data validation section to
remove those vectors that may show up due to poorly illuminated regions in
the image or strong out-of-plane particles ﬂowing. In our case we chose the
standard deviation ﬁlter (setting n=7) and interpolating those of them out of
limits.
2.2.5 Strip Averaged Velocity and Density Fields
Post-processing of the velocity and density datasets was carried out by custom-
made programs developed in Matlab.
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                 x
Figure 2.9: Sketch of the strips used to perform averages. The detection of the
leading edge is used to create different strips throughout the interior of the monolayer.
With this strips different parameters can be averaged and its dependency with the
distance to the edge is measured.
In order to obtain the relation between velocity ﬁeld and distance to the
edge, velocities were averaged by strips. The border of the scratch is detected
and, with the same shape, diﬀerent strips are obtained averaging the velocity
vectors or computing the number of cells inside them, ﬁgure 2.9. From now on,
we will use the term depth as the concept of distance inward to the edge of the
tissue (x).
2.3 Results
We have performed a controlled starvation and normal conditions experiments
as a way to regulate proliferation and thus force diﬀerent cell responses. We
have worked with two diﬀerent sets of experiments, normal conditions (set N)
at 10% of Fetal Bovine Serum(FBS) and starvation conditions (set S) at 1%
FBS. Culturing cells in starvation conditions(set S) increases the proportion
of cells in G0/G1 stages compared to cycling cells(set N) [7] and there are no
diﬀerences in the number of apoptotic cells between the two cases.
Besides an (expected) eﬀect in the proliferation behaviour, cells cultured in
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diﬀerent media exhibit interesting diﬀerences in their ability to close a gap in
the monolayer.
(a) (b)
(c) (d)
Figure 2.10: Timelapse at starvation. 2.10(a) at t= 0h, 2.10(b) at t= 16h, 2.10(c)
at t= 33h and 2.10(d) at t= 50h,
In fact, whereas cells in set N always close the defect and do not stop mi-
grating, those in set S stop their motion before that happens. This result is
quantitatively illustrated in ﬁgure 2.12, where the mean position of the mono-
layer front is shown as a function of time for experiments belonging to the two
sets.
Figure 2.12 shows clear diﬀerences in the mean edge displacement between
experiments at normal conditions and those carried out in starvation. In both
cases, around the 20 ﬁrst hours the edge moves at relatively similar velocity
from the instant when the wound is performed. In sets S, the edge starts
to slow down until it is completely stopped. On the contrary, in set N the
leading edge keeps advancing until the edge disappears from the ﬁeld of view
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(a) (b)
(c) (d)
Figure 2.11: Timelapse at normal conditions. 2.11(a) at t= 0h, 2.11(b) at t= 16h,
2.11(c) at t= 33h and 2.11(d) at t= 50h,
because it will keep moving indeﬁnitely while cells have enough nutrients. To
better understand the cause of these behaviours we explore the spatio-temporal
evolution of the velocity and cell density inside the monolayer, in the region
near to the edge.
Figure 2.13 shows the distribution of the strip-averaged velocity for a rep-
resentative experiment of set N (panel 2.13(a)) and another one of set S (panel
2.13(b)) at diﬀerent depths (corresponding to diﬀerent colors). Initially, the
shallower cell layers develop the same speed in both sets (about 0.6 μ/min in
these conditions). In set N, at the time when leading edge disappears from the
ﬁeld of view, not only cells close to the edge but also those at further distances
exhibit a measurable velocity, albeit the fastest cells are found at the front.
In other words, the velocity decays slowly with depth. However, in set S the
velocity is zero everywhere, quite a lot of time before the edge arrives to the
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Figure 2.12: Time evolution of the leading edge for experiments at 10% (set N)
and 1% (set S) of serum. Whereas experiments belonging to set N do not stop during
the length of the experiment, starved cells (set S) stop well before this happens.
end of the ﬁeld of view, consistently with the null advance velocity of the front.
At the layers far away from the edge, information of movement has not ar-
rived, the signal is damped as it travels throughout the monolayer until its value
is of the same order as noise levels. This result agrees with the model proposed
by [20], where dashpots connecting cells to the substrate may weaken the forces
transmitted inwards the monolayer, that will also diminish the velocity of the
cells.
In contrast with the very diﬀerent velocity distributions exhibited by cells in
sets N and S, the evolution of the density proﬁles is qualitative identical. Figure
2.14 displays the density as a function of time for the same depths shown in
ﬁgure 2.13. It can be appreciated how the diﬀerence between the density near
the edge and that of the deepest layers measured (at about 1 mm from the
front) is nearly kept constant throughout the experiment (Δρ ≈ 600 cells/mm).
This conclusion is illustrated in a more quantitative way in ﬁgure 2.15, where
the density is plotted as a function of the depth for the last image acquired
in each experiment. Quite remarkably, the ﬁnal density distribution is roughly
the same in all cases, regardless of the serum concentration. Indeed, panel
2.14 shows the average of these density-depth curves performed for sets N and
S separately, along with the maximum deviation with respect to the average,
represented by the shaded areas. Observation of this ﬁgure reveals that, within
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(a) Velocity at 10%FBS (set N)
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(b) Velocity at 1%FBS (set S)
Figure 2.13: Cell velocity normal to the edge for serum concentrations of 10% (set
N) and 1% (set S). Insets show the velocity profiles as a function of the distance to
the edge for the last time step ( ∼2700 min for set N and ∼ 3600 min for set S).
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the variability observed in the experiments, both averages coincide near the
edge. In fact, the maximum deviation of the curves with respect to the average
of the two sets (black curve) is always smaller than ±20 %, a small variation
taking into account that the density far from the edge almost doubles that at
the front.
Since we are not able to capture a large ﬁelds of view nor mosaics we took
consecutive images of the monolayer before and after the experiment to obtain
long distance distribution of the density. In ﬁgure 2.15 the average initial and
ﬁnal density proﬁles if both experiments, starvation and normal conditions, is
shown. Initially, the monolayer acquires almost constant density due to contact
inhibition, this density is known as the carrying capacity of the monolayer.
After three days, density near the advancing front has decreased but far from
it the density remains the same and equal to the initial.
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Figure 2.15: Initial and final density for several experiments for both cases, 1%
and 10% of serum. They show a similar distribution with the depth in the monolayer
and means
We carried out a two-tailed statistical analysis of the initial and ﬁnal av-
eraged density data among the experiments. Comparing the initial densities
of set N and set S, we obtained a p-value= 0.7462, so we do not reject the
null hypothesis of equal means at 5% of signiﬁcance level. Performing the same
analysis for ﬁnal density distributions we get that p-value= 0.7662, which again
leads to the conclusion that both proﬁles have the same mean.
In order to check that cell proliferation was indeed decreased in those exper-
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(a) Representative experiment for set N at 10% of serum
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(b) Representative experiment for set S at 1% of serum
Figure 2.14: Density for two representative experiments of sets N and S, 10% and
1% serum concentration, respectively. Curves from set 1 end earlier before because
the defect was already closed contrarily to set S. The reddish, the closer to the edge,
the yellowish, the further from it.
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iments carried out in starvation we performed a BrdU labelling at the beginning
and at the end of the experiments as a tool to check that the number of pro-
liferating cells was decreased and that the amount of apoptotic cells was not
enlarged.
In ﬁgure 2.16 dividing cells were labelled following the protocol described in
Materials and Methods section for BrdU stainning.
In ﬁgures 2.16(a) and 2.16(c) cells in S-phase of the cell cycle are labelled
in green with BrdU and nuclei are marked in blue with DAPI. High percentage
of proliferating cells are found in both cases, starvation and normal conditions,
although in the ﬁrst case proliferation should be inhibited. It looks like cells
have memory or some inertia since they have been subjected to this inhibition
for 24 hours before the experiment started.
In contrast, in ﬁgures 2.16(b) and 2.16(d), 72h after the experiment started
cells were ﬁxed and also labelled with BrdU. In this case, the percentage of
proliferating cells in the monolayer in starvation had decreased signiﬁcantly.
This could be mainly the reason of the stop in movement of the cells, the lack
of required nutrients for DNA replication. Since there is no proliferation the
monolayer is not able to cover the free surface just by stretching itself.
In order to observe any diﬀerence in morphology of the cells regarding their
ability to proliferate, we labeled the F-actin at the end of the experiment to
check if cells were submited to the same strech.
Figure 2.17 show the pictures of f-actin staining after 72 hours of migration
for the two cases under study, normal and starvation conditions, to investigate
possible diﬀerences on cells cytoskeleton organization withing the monolayer.
2.4 Discussion
In this study, joint examination of ﬁgures 2.13 and 2.14 suggests that, when the
region near the front monolayer advances, the region near the front adopts a
ﬁxed “advance formation” in the density proﬁle. This formation is maintained
until the monolayer either stops or closes the gap, depending on the serum
concentration. Interestingly enough, this density distribution seems to be the
same in all the experiments, and that seems to be unaﬀected by the monolayer
speed, even when this is zero. Although the number of experimental conditions
explored in this work is somewhat limited to assess the universality of this
density distribution, the idea of a universal advance formation is very suggestive
and will be tested in future experiments performed under a broader range of
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(a) Initial BrdU proliferation for set
N
(b) Final BrdU proliferation for set
N
(c) Initial BrdU proliferation for set
S
(d) Final BrdU proliferation for set
S
Figure 2.16: Initial and final BrdU staining at the beginning and at the end of the
experiment for set N and set S. Plot as a white line the edge of the monolayer
conditions.
A second conclusion directly follows from these observations: cell velocity
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(a) F-Actin staining for set S at the
end of the experiment
(b) F-Actin staining for set N at the
end of the experiment
Figure 2.17: Final F-Actin staining at the end of the experiment for set N and set
S.
does not uniquely depend on the local density, as it is assumed in a number
of mathematical models of collective cell migration that hypothesize that the
velocity of an individual cell is given by local density gradients [1]. Indeed, cells
can even not move and still sustain the same density distribution. Consequently,
in order to properly model the behaviour of the cell monolayer at a particular
time, the time history needs to be taken into account.
Since the distribution of the density within the monolayer at the end of the
experiment is quite similar between among all cases, whether the gap is closed
or not. This is a clear evidence that the density is not driving the population
of cells. Density might be considered given by an universal distribution or
"advance formation". It is kept even when cell migration stops. This behaviour
is contrary to the hypothesis that the velocity is function of the cell density.
Finally, two inmunestainning were performed, to label proliferating cells and
the f-actin ﬁlaments. In the ﬁrst case, at the beginning of the experiment there
was no signiﬁcant diﬀerence between starvation and normal condition number
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of proliferating cells. Instead, after 72 hours experiment at 1% of FBS barely
showed proliferating cells in contrast to the experiment at 10% of FBS that
kept the number of proliferating cells similar to the initial values. One of the
most interesting aspects in this results is that the assays did not display spatial
distribution of division since we expect to see more proliferating cells far from
the edge. On the other hand, we perform the stainning of F-actin ﬁlaments
in order to see if there was any signiﬁcant diﬀerence in actin polimerization or
distribution between the two cases. We observed that actin is polimerized in
the trailing edge over several cell rows, further from this length it is located at
the cell contour as in conﬂuency. This suggests that cells far from this length
scale do not feel the stresses created by the symmetry break in the edge.
Nomenclature
ABM Agent Based Models
PIV Particle Image Velocimetry
BrdU Bromodeoxyuridine
DMEM Dulbeco’s Modiﬁed Eagles Medium
FBS Fetal Bovine Serum
PBS Phosphate Buﬀer Serum
PDMS Polydimethylsiloxane
UV Ultraviolet
DNA Deoxyribonucleic acid
BSA Bovine Serum Albumin
HCl Clorhidric Acid
DAPI 4 ’,6-diamino-2-fenilindol
FFT Fast Fourier Transform
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3.1 Introduction
Mathematical models have been developed to test some hypotheses related to
how cell migration occurs in wound closure. Here we are summarizing those
ones we are interested in due to the nature of their assumptions and application.
Agent-based models (ABM) [5] simulate cell migration where cells respond
to crowded conditions by decreasing proliferation and migrating to less crowded
areas.
In [1] they have developed a two-dimensional continuum mechanical model
of a migrating cell sheet that describes the elastic coupling between cells in the
layer, the adhesion of cells to the substrate, the force generated by lamellipo-
dia and the proliferation. Cell sheet is represented as a compressible inviscid
ﬂuid(individual cells are indistinguishable).
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There are other continuum models of cell migration in wound healing based
on reaction-diﬀusion formulation [3] where the cell population is described as
a travelling wave (Fisher equation). This equation describes the cell density,
where the cell motility is prescribed by a diﬀusive ﬂux (diﬀusion coeﬃcient is
a function of cell density). With the individual cell trajectory data, contact
inhibition eﬀect is quantitatively determined and its eﬀect on migration. They
developed a multi-scale model approach to analyse population-scale behaviour
and the individual cell-scale function in wound-healing assay. In that way, they
compare the diﬀerent results and are able to validate the estimated parameters
present in the model.
There are other models, as well based on Fisher-KPP equation, such as [4].
In this case, they have studied two diﬀerent situations, activated and inhibited
migration conditions They showed that for some migration assays cell dynamics
cannot be described by Fisher-KPP equations.
Both models, [4] and [3], are mainly based on density variations in the
monolayer, that is to say the diﬀusivity of cells in the monolayer during the
wound closure.
Another explanation of collective movement of thousands of cells is given in
[6]. They have modelled the displacement of cells in a collective way describing
cells as point particles with a dynamic based on 1: cells move in a stochastic
manner and 2. tend to adapt their motion to that of their neighbours.
There is also a 3D model created by [9] where they have developed a simpli-
ﬁed ﬁnite-element model that takes into account the sequential steps of wound
healing. The model is a nonlinear coupled diﬀusion-reaction and visco-elastic
equations. In this case, motility is generally represented by a diﬀusive ﬂux where
diﬀusion coeﬃcient is a function of density and concentration of chemicals.
Our methodology consists of image processing of video sequences of a given
migration assay in order to obtain spatio-temporal information of density and
displacements. The latter inferred from interpolated velocity ﬁelds from PIV
analysis. With this data we ﬁtted the free parameters of the model that we were
not able to directly measure from our experiments. Then we compared obtained
density and displacements proﬁles to check whether the model works or fail to
reproduce in vitro data. Finally we study the inﬂuence of the parameters on
the convergence of the model ﬁnding that not all of them were needed to get
the same result.
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3.2 Continuum models formulation
Our goal is not to develop a completely new mathematical model but use the
terms or equations already published that would ﬁt better our experimental
ﬁndings. First, it is essential to explain the models found in the literature to
understand our results and the relations between velocity and density. There
are diﬀerent models proposed by the authors and they stablish diverse relations
between the velocity and the density.
In [4], they propose a diﬀusion model based on Fisher-KPP equation with
a linear-growth term.
∂ρ
∂t
= DΔρ+ rρ(1 – ρ) (3.1)
In the equation 3.1 , ρ is the relative density (cell density/ cell density at
conﬂuence) at position x=(x,y) and time t, r is the linear growth rate, and
the parameter D is the diﬀusion coeﬃcient. The velocity of the wave front is
assumed to be constant.
They carried out diﬀerent assays to compare computational results to ex-
perimental data. The control dynamics were accurately predicted by the model
but accelerated and inhibited migration experiment behaviours were not well
captured in many cases.
The model proposed by [3] goes a bit further introducing a diﬀusivity pa-
rameter that takes into account the contact inhibition eﬀect in the movement.
Besides, they insert a logistic growth term instead of a linear one and non-
dimensionalize the problem arriving to equation 3.2.
∂ρ
∂t
=
∂
∂ξ
(
D(ρ)
∂ρ
∂ξ
)
+ ρ (1 – ρ) (3.2)
The diﬀusivity function D(u), is modelled considering the contact inhibition
of locomotion that takes into account that the increase in density, decreases the
movement and besides, the diﬀusivity. The solution of this equation are the
Fisher equation travelling waves with the minimum wave speed. They apply
a continuum model to obtain the diﬀusivity in crowded conditions and at low
densities to understand the contact inhibition eﬀect. This is not considered
in the original Fisher equation, that is the reason of introducing a non-linear
diﬀusion coeﬃcient. They also apply a discrete model to probe the existence of
diﬀerences between cells at the wavefront and cells behind it. Fisher equation is
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not able to capture those diﬀerence at cell level behaviour and does not match
with experimental data, but, the model that includes the contact inhibition
eﬀect in diﬀusivity exactly reproduces it.
By contrast, [1] proposes a continuum mechanical model based on the elastic
deformation of the layer.
∂ρ
∂t
+∇(ρv) = g(u) (3.3)
In 3.3, v stands for the velocity of the leading edge. The Laplacian appears in
3.3 from constitutive equations, not from diﬀusion of Brownian motion. That’s
why k should not be considered as a diﬀusion coeﬃcient. Besides, they ne-
glect the logistic growth term (g(u)) in the free boundary layer problem, that
corresponds to wound healing.
In [9] proposes a 3D model that could be also considered for the 2D problem
studied here.
∂ρ
∂t
=
∂
∂x
(
–Dρ
∂ρ
∂x
+ Dc(ρ, c)
∂c
∂x
)
+ rρ
(
1 –
ρ
ρ∗
)
– dρρ (3.4)
In 3.4 Dρ is the diﬀusion or motility coeﬃcient while Dc stands for the
amount of cells that diﬀuse a concentration gradient of a chemical. c is the
concentration of chemicals, such as growth factors. ρ∗ is the saturation or the
carrying capacity of cell density and dρρ is the death term rate. They solve this
equation for a 3D problem but it could be used for the monolayer.
Finally, there is a completely diﬀerent model proposed by [6] where the dis-
placement of each cell is patterned by considering the movement of individuals
as stochastic and they tend to adapt it to the collective motion.
∂vi
∂t
= –αvi +
∑ [ β
Ni
(vj – vi) + f ij
]
+ σ(ρi)ηi (3.5)
In 3.5 vi is the velocity of the cell i. –αvi is a linear damping term. f ij is the
force between cells i and j. β is the strength between cells and σ is the noise.
A diﬀerent model proposed by the same group [7], is a physical model of
the cell migration during wound healing but considering that the monolayer
expands in a non-uniform way developing ﬁnger-like shapes at the edge. The
culture interface is modelled as a membrane described by a Helfrich energy
functional with bending and surface tension terms. Also, the forces produces
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by the cells are included: internal force due to cellular motility, normal restoring
force and noise due due to random velocity(as they proposed in [6]. Finally they
arrive to the equation for the motion of the leading edge. This model is just
focused on understanding the mechanisms in the ﬁnger. We are more interested
in a deeper analysis of the tissue.
dr
dt
= –
k
η
∂2H
∂s2
+
γ
η
H –
3k
2h
H3 +
(Fcell + Fr)n^
h
+ nn^ (3.6)
They analyse the instabilities of the equation which produces the ﬁnger form
at the edge and the inﬂuence of the various parameters present in the model.
The chemical and mechanical signalling is proposed to be included in future
works.
According to [8] there is a mechanism that establishes a long-range cell
guidance in the tissue, that is that the coherent movement in the monolayer
penetrates long distances or several strips of cells behind the leading edge.
3.3 Mathematical formulation of the model
In this study, we propose the combination of the models proposed by Banerjee
and Arciero ([2] and [1]) that will reproduce the biological processes we observe
in experiments. We mainly use the equations established by Banerjee [2] but
replacing the propulsion force by the pressure term as a function of the density
gradient suggested by Arciero [1]. Arciero [1] proposed a model that captures
the motion of the cell sheet, particularly, the elastic coupling between cells,
the cells adhesion to the substrate, force generated within the monolayer and
proliferation, applied to diﬀerent wound geometries.
3.3.1 Equations of the model
Banerjee et al. [2] proposed a continuum model for the spreading of a cell mono-
layer represented as an elastic continuum medium coupled to the concentration
of active contractile units. The model is able to reproduce stress propagation
based on the local feedback between elastic deformations and cell contractility.
Here we show an schematic representation of the geometry of the model (ﬁgure
3.1).
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Figure 3.1: Scheme of the geometry of the cell monolayer modelled according to
Banerjee model [2]
The equation of the motion governing the displacement ﬁeld, u(x,t), of the
cell monolayer (ﬁgure 3.1) is:
Γ∂tu = f0p(x, t) + h(t)∂xσ (3.7)
where σ(x, t) is the internal stress in the monolayer given by the sum of the
internal pressure(Π), an elastic stress composed by the compressional elastic
modulus B and the strain ﬁeld ( ε = ∂xu) and the active stress σa that is
function of the contractile units, such as phosporylated myosins interacting
with actin ﬁbers.
σ = –Π+Bε+ σa(c)
Π is a constant pressure that appears due to the internal growth when
cells proliferate. The active stress σa is proportional to the logarithm of the
concentration of species.
σa(c) = βlog(c/c0)
considering that c0 is the concentration of contractile elements at equilib-
rium (f0 = 0) and β > 0.
The dynamics of the concentration ﬁeld c(x, t) is given by:
∂tc = –
1
τ
(c – c0) + αε – ∂xJ (3.8)
τ is the time scale of the turnover of the contractile elements, α > 0 is the
rate of production of c(x, t) due to local extension and J(x,t) is the current of
transport of active units. The total current is the sum of diﬀusive and convective
ﬂuxes:
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J = –D∂xc + c∂tu
where D is the diﬀusion constant.
Banerjee et al. [2] consider a constant propulsive force at the wound edge
of the form of:
p(x, t) = tanh(x/λ)
This constant force pulling at the edge is very strong, poorly phisiological
and makes the tissue unable to adapt to it. We seek a more realistic expression
for the mechanism that is driving the movement. For this reason, we consider
Arciero et al. [1] concept of pressure would ﬁt better the results observed during
our experiments. This internal pressure depends on cell density providing an
expression that relates velocity of cells with cell density gradient.
p(ρ) = k · log(ρ/ρ0)
where ρ0 is the initial and homogeneous density.
Since this term introduces a new variable in the problem the formulation
of an additional equation is needed. We then add to the system the continuity
equation in order to assure that the cell number is conserved.
∂tρ+ ∂x(∂tu · ρ) = g(ρ) (3.9)
We study the case without proliferation, setting the source term g(ρ) in
equation 3.9 equals zero, since the spatiotemporal generation of new cells remain
unknown for us.
We ﬁnally obtain the ﬁnal set of equations to be solved( 3.11, 3.12 and
3.10) that deﬁne the dynamics of the spreading monolayer, together with their
boundary and initial conditions:
∂tρ+ ∂x(∂tu · ρ) = 0 (3.10)
Γ∂tu = –k∂x
(
ln
ρ
ρ0
)
+ h(t) · ∂x
(
–Π+B∂xu + β ln
(
c
c0
))
(3.11)
∂tc = –
1
τ
(c – c0) + α∂xu + D∂2xc – ∂xc∂tu – c∂x (∂t) (3.12)
Then we establish the boundary and initial conditions of the problem.
The boundary of the monolayer is stress-free:
σ(±L/2, t) = 0 (3.13)
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Initially the monolayer is undeformed:
u(x, 0) = 0 (3.14)
Initial homogeneous concentration of contractile elements:
c(x, 0) = c0 (3.15)
No ﬂux of active units:
∂xc(±L/2, t) = 0 (3.16)
Initial homogeneous cell density in the monolayer:
ρ(x, 0) = ρ0 (3.17)
The length of the monolayer or the position of the advancing edge is deter-
mined as:
L(t) = L0 + u(L0/2, t) – u(–L0/2, t) (3.18)
Height of the monolayer is determined by volume conservation since there
is no proliferation:
h(t) =
h0L0
L(t)
(3.19)
where h0 and L0 is the initial size of the monolayer, as is shown in ﬁgure
3.1.
3.3.2 Dimensionless problem
We obtain the following nondimensional variables with the chosen scaling pa-
rameters:
U = u/uc; T = t/tc; R = ρ/ρ0; X = x/L; C = c/c0
Then, to rearrange the equations in terms of the nondimensional variables
we need to redeﬁne the derivatives:
∂
∂t =
∂T
∂t
∂
∂T +
∂X
∂t
∂
∂X =
1
tc
∂
∂T +
–L′
L2
x ∂
∂X =
1
tc
∂
∂T –
l′
l
X
tc
∂
∂X =
1
tc
(∂T –
l′
l X∂X)
∂
∂x =
∂X
∂x
∂
∂X =
1
L0l
∂
∂X
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∂2
∂x2
= 1
L2
0
l2
∂2
∂X2
Now, we substitute above expressions into equations 3.11, 3.12 and 3.10
leading to the following dimensionless set of equations with their corresponding
initial and boundary conditions.
∂TR –
l′
l
X∂XR +
uc
L0
∂X
l
(R(∂TU –
l′
l
X∂XU)) = 0 (3.20)
∂TU –
l′
l
X∂XU = V = –
1
l
∂X(logR) +
1
l3
∂X
(
B¯∂XU+ β¯ log C
)
(3.21)
∂TC–
l′
l
X∂XC = –
1
τ
(C – 1)+ α¯
1
l
∂XUD¯
1
l2
∂XXC–
1
l
(∂XCV+ ∂XVC) (3.22)
The new boundary conditions turns into:
l′ = 2∂TU
1+ 1
l
∂XU
|X=1/2
No ﬂux of active units:
∂XC(±1, T) = 0
From free stress boundary condition:
β¯∂XU(±1, T) = l(Π¯ – β¯ log C)
Initially monolayer is undeformed and has homogeneous density and con-
centration of contractile units:
R(X, 0) = 1
C(X, 0) = 1
This formulation leads to a set of six free parameters that need to be ﬁt in
order to meet our results from the experiments:
3.4 Interpolation of the displacement field from
experiments
In order to obtain the displacement ﬁeld along time in our experiments from PIV
data we placed synthetic tracers that will move and evolve in time according
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D¯ 4Dτ
L2
0
Diﬀusivity of contractile units
B¯ 4Bh0τ
L2
0
Γ
Elasticity-friction rate
β¯ 2βh0τL0γuc Reinforcement-friction rate
α¯ αucτL0 Recruitment
Π¯ β · 10–3 Internal pressure
τ¯ tcτ Time scale of turnover of the contractile elements
Table 3.1: Table of free dimensionless parameters to be fitted
to interpolated velocity based on Euler displacement.
Xp(t) = Xp(t – 1) + Vp ·Δt
Vp is the interpolated velocity using Biharmonic Spline Interpolation already
implemented in MatLab. This algorithm is suitable for nonuniformly spaced
data and ﬁts the point particles to the surface deﬁned by the velocity ﬁeld at
each time.
Figure 3.2: Initial position of the tracers forming a 2D grid and the velocity field
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Figure 3.3: Position of the tracers that have evolved according to the interpolated
velocity field
In ﬁgure 3.2 the initial uniformly distribution of the particles is shown and
some time later, in ﬁgure 3.3, the particles have evolved according to the inter-
polated velocity.
3.5 Parameter fitting
The problem consists on solving a system of three partial diﬀerential equations
with six free unknown parameters.
In order to ﬁnd the most adjusted values of the parameters we ﬁrst look at
the temporal evolution of the edge.
0 0.2 0.4 0.6 0.8 1
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2.5
3
T
ℓ
fitted length
experimental length
Figure 3.4: Experimental and numerical length of the domain.
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In order to obtain a set of parameters to solve the numerical problem we
use the the curve of the temporal evolution of the edge to be ﬁtted (ﬁgure
3.4). Then, with the set of parameters that minimizes the error we solve the
numerical problem that leads to the ﬁnal displacement proﬁle.
D¯ 1.3757
B¯ 0.0002
β¯ 0.0275
α¯ 188.1249
Π¯ 20.0139
τ¯ 0.6831
Table 3.2: Table of free dimensionless parameters obtained thorugh l(t) fitting
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Figure 3.5: Experimental and numerical final displacements.
Figure 3.5 shows that the chosen parameters suits the ﬁnal displacement
proﬁle obtained through the temporal evolution of the tracers interpolated from
the velocity ﬁeld from PIV.
Finally, we can see if the ﬁtting to the length of the tissue also provide a
good agreement in density proliles, which is the other variable we are able to
quantify experimentally.
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Figure 3.6: Experimental and numerical initial and final density profiles.
In contrast to displacement ﬁeld within the tissue and the border enlarge-
ment, density is not well capture by the model. We require a thin layer to
stretch, without proliferation, alost three times its initial size. The density has
to decrease a lot to achieve this condition.
Since the total size of our tissue is not the initial length we observe in the
ﬁeld of view at the beginning of the experiment (around 600μm ) but half of a
petri dish which radius is close to 17000μm, we set initial length to this value
and solve the problem again.
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Figure 3.7: Experimental and numerical length of the domain.
When we set the real size of the tissue the monolayer becomes very stiﬀ and
cells far away front the edge do not sense any gradient so they do not move
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at all. The model is not able to propagate information or forces at very long
distances because it does not behave as a spring.
D¯ 43.9319
B¯ 0.3544
β¯ 0.8049
α¯ 3899.4
Π¯ 1816.1
τ¯ 107.193
Table 3.3: Table of free dimensionless parameters obtained thorugh l(t) fitting when
the size of he real domain is introduced.
According to the displacement curve, cells found far from the edge but
close enough to be captured in the ﬁeld of view, show a barely appreciable
displacement. We set a threshold in the velocity, reducing the velocity of those
points below that value, tipically far from the edge, so we reduce the spring
behaviour the tissue is showing in the simulations results.
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Figure 3.8: Experimental and numerical length of the domain setting a threshold
velocity when real dimensions of the tissue is considered.
Now setting a threshold velocity the model is able to ﬁt the length of the
tissue, as shown in ﬁgure 3.8). The resulting parameters are displayed in the
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following table.
D¯ 15.6169
B¯ 0.0018
β¯ 0.001
α¯ 10.6673
Π¯ 9.215
τ¯ 0.5389
Table 3.4: Table of free dimensionless parameters obtained thorugh l(t) fitting when
the size of he real domain is introduced.
Once the parameters are obtained 3.4) the rest of the variables are computed.
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Figure 3.9: Final displacement profiles obtained numerically or interpolated from
experimental velocity fields.
Although, now the temporal evolution of the edge (ﬁgure 3.8) is better
captured, the ﬁnal displacement ﬁeld is not achieved (ﬁgure 3.9).
The other variable we are interested in is the density. The initial density
proﬁle is ﬁtted to the experimental to stablish the same initial conditions, then
we expect the model is able to recover the beahviour observed in the analysis.
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Figure 3.10: Experimental and numerical density setting a threshold velocity when
real dimensions of the tissue is considered. Initial and final spatial density profiles are
shown.
Although the velocity threshold helpped in the parameter interpolation ﬁt-
ting the length of the tissue, the spatial distribution of the ﬁnal density is not
properly obtained (ﬁgure 3.10).
The whole density has decreased and this phenomenon is more evident close
to the edge but, far from the border the density do not keep the conﬂuent
density value,as the experiments. There is still a need of a boundary condition
in the model forcing the density remain the same if cells are not moving.
Kymographs can be useful to compare spatio-termporal evolution of some
variables such as the density from experiments and the results obtained from
the numerical computation.
Figure 3.11: Spatio-temporal kymograph of the experimental density
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Figure 3.12: Spatio-temporal kymograph of the numerical density obtained for a
small domain
Figure 3.13: Spatio-temporal kymograph of the numerical density obtained for a
big domain when a threshold velocity is introduced in the model.
The model is not working properly when the real dimensions of the tissue
are addded. A new term modelling the friction of the tissue is needed. Until
now this phenomenon was introduced simply as viscous friction and later with
a threshold velocity limiting the spring-like beahaviour of the tissue. The inter-
cellular stresses are transmitted without any damping to the whole monolayer.
This kind of models are thougth to work on small domains like narrow strips
of cells, small colony expansion or small defects.
3.6 Influence of parameters on the solution
In this section the inﬂuence of the free parameters is under study and as a
consecuence, the importance of some terms in the equations if those parameters
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are forced to zero.
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Figure 3.14: Parameter influence on the domain length fitting for a small domain.
Including all the parameters in the model, setting diﬀusivity to zero, can-
celling the internal pressure or both at the same time shows no signiﬁcant
diﬀerences in the ﬁnal displacement (ﬁgure 3.14). Besides, all of them are very
similar to the experimental curve.
This curve is showing that several terms in the model are not necessary or
at least are not contributing enormously in the solution.
We have observed that in spite of ﬁtting quite well the length of the domain
the model can still fail to meet other variables behaviour.
3.7 Discussion
In this chapter we have combined two models from the literature [1] and [2]
that seem to show similar behaviours to ours observed during the experiments.
When we consider that the size of our domain, or tissue, is the observed
length in the ﬁeld of view, we can compute a parameters’ ﬁtting that seem
to provide a good agreement in the temporal evolution of the length of the
monolayer. Then, if we look at the ﬁnal displacements proﬁle it also show
similar behavior compared to the interpolated displacements from the velocity
ﬁelds. Finally, if we look at the other varible we are able to measure, the density,
the model is not able to reproduce the ﬁnal density proﬁle. We are requiring
the tissue to triple its size but without proliferation, then, to conserve the mass,
the density has to decrease.
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Then, if we set the length of the monolayer to its actual size that is half
of the petri dish, 17000μm the results are completely diﬀerent. The model
is not able to ﬁt the parameters to meet the lenght of the tissue. Then, the
displacements and density are not comparable to experiments either.
Regarding the displacements, we observe that at certain distance from the
edge cells barely show signiﬁcant displacement. So we can introduce in the
model a threshold velociy below which the displacements will be null. In this
case, the parameter ﬁtting again reproduce the general tendency of the length
of the tissue.
In addition we have also investigate the inﬂuence of several parameters in
the model and we have observed that the diﬀusion and the internal pressure do
not play an important role in the model when ﬁtting the length of the tissue.
As a general conclusion, this models work in reduced size systems since
they stress are fully spread but in the case of a big monolayer the model fail to
reproduce our results.
We will further explore the eﬀect of the a friction term in the model to
soften the eﬀect of forces inwards the tissue. Then we will also study the
problem considering a proliferation term in the continuity equation. Until now
this case was not considered due to our inability to detect proliferating cells in
time and space.
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4.1 Introduction
The migration of healthy cells to the injured site is one of the most important
processes during wound healing. Wound healing may be compromised due to a
lack of proliferation, but it can also fail due to the inability of cells to migrate
into the wound zone. The ﬁeld of electrophysiology explores the mechanisms of
electric signal generation and propagation in living tissues. The maintenance of
a potential across the plasma membranes of both nervous and muscle cells has
been widely studied [28],[24]]. However, no conﬁrmed evidence of the existence
of electric currents in wounds was not conﬁrmed. Similarly to nervous and mus-
cle cells, epithelial cells are able to maintain a potential across the epithelium,
called transepithelial potential (TEP), that is the sum of all of the plasma mem-
brane potentials that compose the epithelium that are maintained through the
transport of ions. It has been reported that depending on the measured region,
the voltage across epithelial cells in humans ranges from 10mV to 60mV [18].
An intact epithelium transports ions inwards and outwards the cell membrane
and after the generation of a wound the epithelial barrier is disrupted, and this
short-circuits the epithelium and therefore a drop in the potential at the wound
occurs [19]. The generation of this potential gradients leads to the production
of a current that ﬂows to the more negative site (inside the wound), creating
orientated wound electric ﬁelds ([23] ,[18]).
External applied electric ﬁelds similar in magnitude to the endogenous elec-
tric ﬁelds (EEFs) induce cell migration. In the case of skin cells such as ﬁbrob-
lasts and keratinocytes, they exhibit cathodal migration in applied electric ﬁelds
(EFs). This induced migration polarizing cells towards the wound is called gal-
vanotaxis ([31],[22]). As a result of the application of an external electric ﬁeld
in the default healing direction, the migration signiﬁcantly increases [18]. On
the other hand, if the electric ﬁeld is applied in the anodal direction, i.e. against
the natural healing direction, the migration is decreased or even stopped, show-
ing that when an EF is applied, cells are able to ignore any other signals that
drive migration, such as chemotaxis, contact inhibition release or population
pressure.
After the injury, at the initial stages, epithelial cells may communicate with
each other through the fast propagation of [Ca2+] waves helping neighbour-
ing cells to induce migration and proliferate in order to repair the wound [15].
Calcium-sensing receptor (CaSR) is implicated in cell migration and prolifer-
ation processes. On the other hand, mechanical injury produces an internal
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[Ca2+] wave propagation which suggest a link of CaSR between cell-cell com-
munication and reepithelization during wound healing. Besides, several studies
have shown that, in most of the cells, Ca2+ is one of the main ions involved in
galvanotaxis [21]. When a direct current electric ﬁeld (dcEF) is applied to the
cells a rise in Ca2+ concentration increases in a given part of the cell, causing
its contraction, whereas the other part of the cell will relax by a reduction of
calcium concentration. Thus, creating a push-pull movement and therefore,
migration.
Epithelial layers control diﬀusive permeation of solutes along intercellular
clefts between adjacent cells and can also actively transport substances along
transcellular paths. Cells are connected and sealed at the apical region by
tight junctions, which are the key components of epithelial and endothelial cell
barriers ([1],[13]). These tight junctions are of special relevance for the active
barrier functionality of the cell layer. They regulate the passage of molecules
through the barrier, acting as a specialized intercellular junctional complex, as
they selectively open and close in response to various signals from the inside
and outside of the cells.
The transport of substances across epithelial cells can be either paracellular
or transcellular. The paracellular transport of molecules refers to the transfer
of substances across the intercellular space between cells, thus, across tight
junctions [6]. On the other hand, in transcellular transport, substances travel
through the cell, passing both the apical and basolateral membranes [25]. As it
has been previously mentioned, electric current ﬂow through epithelial cells is
caused by ion ﬂow. Hence, all the transport mechanisms allowing the passage
of ions either across or through epithelial cells exhibit a resistance. With the
generation of a wound in an epithelial sheet, the electrical impedance created
by the paracellular transport structures, tight junctions will be disrupted, and
therefore the epithelium will be short-circuited. Thus, causing a drop in the
monolayer overall resistance [19].
Nowadays, one of the main methods for measuring monolayer impedance is
the commercial device Electric Cell-substrate Impedance Sensing (ECIS). For
this technique, cells are directly seeded on the electrode, thus loosing theeﬀect
of the culture media between cells and electrodes since they are in direct con-
tact. This method can be used for real-time monitoring of cell behaviour such
as, adherence, mobility and growth on solid substrates [8]. Another posibil-
ity are the microfabricated galvanotactic chambers [11]. In the present work,
impedance spectroscopy methods will be used in order to monitor and analyse
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epithelial monolayers impedance through an Impedance/Gain-Phase Analyzer
and a simple self-designed measuring electrode system.
4.2 Materials and methods
4.2.1 Cell culture
HaCaT cells, an immortalized keratinocyte cell line, used for this study were
provided from Centro de Investigaciones Energeticas Medioambientales y Tec-
nologias (CIEMAT) and cultured in DMEM (Gibco Dulbeccos Modiﬁed Eagle
Medium), supplemented with 10% Fetal Bovine Serum (FBS) and 1% Antibi-
otic/Antimycotic (Ab/AM) from Thermo Scientiﬁc HyClone. Keratinocytes
cultures were established following the standard protocols from Arakawa, Y. et
al. [12].
To perform experiments, cells were washed with PBS 1X and then detached
with Trypsin 1X (Sigma Aldrich) incubating them at 37◦C for 10 minutes. Cells
are then centrifuged and re-suspended in fresh growth media so they were seeded
on p-35 petri dishes at a density of 40000 cells/mm2, reaching conﬂuence after
24 hours of incubation at 37◦C and 5% CO2. This procedure was performed in
a laminar ﬂow hood in sterile conditions.
4.2.2 Impedance measurement assay: confluent and wounded
monolayer
We performed two sets of experiments, one characterizing the impedance of a
conﬂuent epithelial monolayer and another one simulating the process of wound
healing. In both cases a voltage diﬀerence was applied in order to characterize
the frequency response of the impedance. For the performance of both migra-
tion and impedance experiments, two handmade devices were designed. They
are composed of a p-35 petri dish lid through which two silver alloy wires are in-
troduced and supported by a transparent PDMS piece attached to the lid. This
PDMS support allows correct visualization of the migrating monolayer through
the microscope while assures the precise position of electrodes. To study how
distance aﬀects impedance measurements, two devices were designed by chang-
ing the distance between the electrodes, setting it to 6 mm and 30 mm. This
allows us to subject cells to diﬀerent electric ﬁelds (mV/mm) applying the same
voltage diﬀerence.
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In migration experiments, monolayers were seeded with a PDMS stencil used
as a barrier to avoid cell invasion, following protocols from [29], and restricting
cell cultrure just to one half of the dish as illustrated in ﬁgure 4.1. Semi-
inﬁnite wounds were analysed, considering just one half as a simpliﬁcation of
the problem. The day after seeding, the stencil is carefully peeled oﬀ so that cells
can migrate to the free space released. This methodology avoids cell damage
at the edge compared to simple pipette scratching [26]. PDMS stencils were
fabricated in the laboratory and were used in order to cover half of the surface
of a p-35 petri dish. To start the experiment, the lid is placed on top of the
culture dish so the wires perfectly matched the surface of the cell monolayer
and then they were connected to the impedance gain-phase analyser.
Figure 4.1: Schematic representation of the cell culture set up for confluent and
migrating monolayers
To fully characterize the system impedance we divided the frequency spec-
trum under study into two sets, one at high frequencies (from 103 Hz to 105
Hz) and then we decided to move to a lower frequency range (from 10–1 Hz
to 102 Hz). Three DC voltage signals were applied at 0, 50 and 100 mV with
20mV of AC in the frequency spectrum from 10 kHz to 0.1 Hz.
To perform time-lapse microscopy during migration experiments cells were
maintained in incubation system (OKOLab) which preserves incubation condi-
tions of temperature (37◦C), humidity (40%) and CO2-air concentration (5%).
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4.2.3 Calcium concentration measurements
Intracellular Ca2+ concentration in wounded HaCaT cells were imaged us-
ing cell permeant Fluo-4 AM. Fluo-4 AM Starter Pack (Invitrogen) contains
3 components, Fluo- 4 Direct calcium assay reagent, probenecid water-soluble
and Fluo-4 Direct calcium assay buﬀer. A 250 mM stock solution was prepared
by adding and vortex Fluo-4 Direct calcium assay buﬀer to the water-soluble
probenecid. Probenecid was used to inhibit organic-anion transporters located
in the cell membrane that can extrude the dye, contributing to poor loading.
Finally, a 2X Fluo-4 Direct calcium reagent loading solution composed of Fluo-4
Direct calcium reagent and the stock solution was prepared following protocols
from the supplier.
Once the cells have reached conﬂuence the stencil is carefully peeled oﬀ and
1 mL of loading solution and 1mL of culture media were added. Finally, they
were incubated at 37◦C for approximately 45 minutes. Then ﬂuorescence was
measured using 494 nm as excitation wavelength and emission at 516 nm.
The ﬂuorescence microscopy used in order to perform the imaging of Fluo-4
AM dye was Olympus CKX-41 inverted microscope equipped with Olympus
U-RFL-T mercury burner our imaging purposes FITC ﬁlter was used.
4.2.4 Computational analysis
The complex impedance expression is calculated from the frequency response
of experimental data provided by the impedance gain-phase analyser. Then,
the roots (poles and zeroes) of the characteristic equation of the system are
analysed by means of custom-made Matlab programs. Finally, these roots lead
to a suitable equivalent system that was designed based on previous published
works ([3], [? ], [14]) that can be compared to experimental data.
Impedance estimation
The experimental data obtained from the gain-phase impedance analyser is
the electric response of the cells under certain circumstances such as external
electric ﬁeld or TEP disruption. From the electrical characterization of an ep-
ithelium can provide information of morphological changes and can be related
to metabolic activities [10]. Besides, this could help to deeply understand bio-
logical processes, for instance wound healing, or even more complex problems
as cancer or cell mutations.
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The experimental data can be ﬁtted to an analytical expression for a transfer
function, in our case impedance function, deﬁned by some roots of both the
numerator (zeros) and denominator (poles). Depending on the nature of these
roots the system may be either stable or unstable [2].
Equivalent-circuit design
The impedance of an AC circuit can be expressed as an impedance function or
Z(s). The polynomials in the numerator and denominator are the combination
of impedances of both the resistances (Zr = R) and capacitors (Zc = 1/(jwC))
of the circuit, real and imaginary respectively. The experimental impedance
obtained in this study is represented by its magnitude and phase, which is
the lag existing between current and voltage amplitudes [2]. Since we already
know the behaviour of basic electric components (resistances and capacitors)
we can design an equivalent circuit that provides the same response to the
applied voltage as the experimental data. We could then analyse diﬀerent
experimental conditions, cells, drugs... to compare and better understand the
system response.
4.3 Results
4.3.1 Experiments at confluence
One of the main goals of this study is to evaluate the inﬂuence that diﬀerent
external voltages may have on the impedance of a cell monolayer and fully
characterize its electrical behaviour.
With this purpose, cells were seeded to conﬂuence and stimulated with DC
voltages of 0, 50 and 100 mV with an overimposed AC voltage of 20mV. The
frequency range was ﬁrst from 0.1 kHz to 105 kHz, in order to reduce acquisition
time (ﬁgure 4.2).
Figure 4.2 shows the frequency response of the measured impedance on con-
ﬂuent monolayers subjected to diﬀerent DC voltages applied with two electrodes
separated by 6 mm but always with the same AC signal of 20 mV of amplitude.
On panel 4.2(a), the modulus of the impedance is represented. First we can
highlight that there are no signiﬁcant diﬀerences on the impedance curves for
the three applied voltages, meaning that monolayer impedance exhibit a linear
impedance within the range of voltages considered here.
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(a) |Z| (dB) vs. Frequency (rad/s) (b) Phase (degrees) vs. Frequency (rad/s)
Figure 4.2: Impedance response at high frequency response range. diagrams show
the confluent monolayer behaviour at different external applied voltages. Frequency
range: 0.1 - 105 Hz. DC voltage 0, 50, 100 mV, AC voltage 20 mV.
Change in slope?
103 – 104H slope = –10dB/decade
104 – 105Hz slope = –5dB/decade
The oﬀset between curves is the resistance.
In panel 4.2(b), the phase change of the impedance is shown varying from
–20 and –35◦. It ﬁrst shows a decrease until 2000 rad/s where it starts growing
as the frequency grows.
Since, in general, the cell mechanical response is slower compared to the
applied frequency signals, measurements were repeated for smaller frequency
ranges. But regarding that the DC voltage applied had no inﬂuence on impedance
response for the experiments performed at low frequency (0.1 to 103 Hz) just
the external voltage of 50 mV was studied keeping the overimposed AC voltage
at 20 mV.
Since cells need culture medium to be alive the impedance measurements
are a combination of both contributions, the cell monolayer and the culture
medium. In order to obtain the cell impedance we performed two types of
experiments, the culture medium alone and the cell monolayer covered with
medium. Then the culture media impedance is properly subtracted to obtain
the impedance characterization of the cell monolayer, as it is shown in ﬁgure
4.3(a). In the case of the cells, impedance decays at the rate of -10 dB/decade.
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(a) |Z| (Ohms) vs. Frequency (rad/s) (b) Phase (degrees) vs. Frequency (rad/s)
Figure 4.3: Impedance frequency response, diagrams obtained for different voltages
on a confluent monolayer. Frequency range 0.1-100 Hz. DC voltage 0, 50, 100 mV,
and overimposed AC voltage of 20 mV.
At the frequency of 3-4 rad/s the slope increase slightly to -15 dB/decade.
At lower frequencies the phase (ﬁgure 4.3(b)) exhibits a noisy behaviour, this
resonance could be related to another capacitor at low frequency that implies
that we are only measuring the impedance of the culture medium.
In order to propose an equivalent circuit that represent the electric behaviour
of the system under study the frequency response of both magnitude and phase
of the impedance should be taken into consideration.
4.3.2 Migration experiments
As has been previously mentioned, the impedance of a monolayer is established
by both the resistance of the transcellular and paracellular current routes. In
the presence of a wound, the overall impedance of the monolayer drops, due
to the loss of tight junctions’ resistance [18]. Furthermore, once the healing
mechanisms are activated, that drop in the impedance should be recovered over
time, until reaching its maximum, which corresponds to the value measured in
conﬂuence [28].
For this section, several experiments have been performed by generating a
wound and analysing both the evolution of the impedance and the cell migration
velocity under the eﬀects of DC voltages ((1) 0mV, (2) 50mV, and (3) 100mV)
in a frequency range between 0.1Hz and 100Hz (ﬁgure 4.4) with a sampling
distance between the electrodes of 6 mm.
For all the experiments illustrated in ﬁgure 4.4, it can be observed that the
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(a) |Z| (dB vs. Freq (rad/s) (b) Phase (degrees) vs. Frequency (rad/s),
Range (0.1-100 Hz)
Figure 4.4: Bode diagrams obtained applying different voltages on a wounded
monolayer. Frequency Range (0.1-100 Hz). Migrating cells were stimulated with 0
mV, 50 mV and 100 mV
impedance is lower than the one measured in conﬂuence (one order of magni-
tude), coinciding with the previous stated theory [9]. However, the experiment
duration has not been enough for the monolayer to cover the whole wound (nor
the two electrodes) and therefore, the values have not reached those of conﬂu-
ence. However, it can be observed that with time(ﬁgure 4.5(a)) the impedance
was rising, approaching those of conﬂuence. Figure 4.4(a) shows the same be-
haviour as that observed in the previous ones (ﬁgures 4.2 and 4.3), namely that
the greater values of impedance are found at the smaller frequencies. The dif-
ference in impedance (ﬁgure 4.4(a)) that is created by the stimulation of cells
with voltage can only be noticed at low frequencies as it happened in conﬂu-
ent experiments, showing that the higher the voltage applied, the greater the
impedance.
On the contrary, the phase is quite the same in the three cases, same be-
haviour no matter the voltage applied. Since, every cell is subjected to higher
voltage, the resistance they oppose to the electric current to ﬂow, is higher
These changes can be related to migration velocity induced by the electric
ﬁelds (ﬁgure 4.5(b)). An increase in healing velocity means that cells will reach
conﬂuence faster, and therefore the impedance of a healthy monolayer will be
reached.
Figure 4.5(a) reveals that the experiments exposed to electric ﬁelds show a
faster impedance growth approaching to conﬂuent values and ﬁgure 4.6 exhibit
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(a) Evolution of the impedance with time (b) Mean edge displacement with time
Figure 4.5: Temporal evolution of measured impedance and meand edge displace-
ment of different monolayers stimulated with 0mV,50mV and 100mV
that the disruption of the cellular conﬂuency implies a drop in the impedance.
Figure 4.6: Impedance response of migrating monolayers excited with different
voltages and confluent monolayer
The plot on 4.7 shows the impedance complex response for three migration
experiments stimulated with and external electric ﬁeld of 0, 50 and 100 mV and
an eﬀective distance between the electrodes of 6 mm.
Semicircles within the high frequency window display the charging of dou-
ble layers on the system within the electrode and the contribution of diﬀerent
resistances. At lower frequencies, a "tail" is shown. The shape of the tail is prin-
cipally aﬀected by the diﬀusion within the electrolyte and the active electrode
material (cell monolayer in our case). The real impedance at the leftmost point
74 Electric fields and impedance characterization in cell monolayer
Figure 4.7: Impedance complex plane plot for three different migration cases
in the Nyquist plot gives the measure of the ionic and electrical conductivity
within the system.
4.3.3 Equivalent circuit modelling
Z(s) estimation on confluent monolayer
Once the eﬀects that voltage has on an epithelial monolayer have been studied,
an equivalent circuit representing the monolayer will be proposed. To do so,
ﬁrst of all an analytical expression of the frequency response of the impedance
is computed from the experimental data obtained though curve ﬁtting module
from Matlab. The impedance function can be estimated by searching the best
possible ﬁt varying the possible number of zeros and poles. We have considered
that the medium impedance is in parallel with the cell monolayer impedance.
Since we have the frequency response of both, the media (Zm) and the media
with the cells (Zmc) we can subtract the impedance of the cells (Zc):
Zc =
Zmc · Zm
Zm – Zc
(4.1)
After exploring diﬀerent conﬁgurations, the best pole-zero combination found
is 2 poles and 2 zeros reaching an estimation ﬁt between 77 % (4.8), considering
the inherent variability that exists in the experimental setup this result is quite
accurate.
Zfit =
4.2 · 103s2 + 1.45 · 107s + 4.95 · 106
3.7s2 + 9.03s + 1
(Ω) (4.2)
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Figure 4.8: Fitting cell impedance assuming parallel configuration between the
monolayer and medium.
Although the module of the impedance is estimated quite well,the phase-
response is not well captured by the ﬁtting function. Actually, two poles and
two zeroes introduce high variation in phase at higher frequencies as it can be
appreciated in ﬁgure 4.8.
Equivalent-circuit design
After obtaining the estimated impedance function, one can proceed to the de-
sign of an equivalent electric circuit whose behaviour is also represented by the
impedance function. Both expressions, the analytical presented in equation 4.3
and the experimental one from the ﬁtting (equation 4.2) can be compared. The
proposed equivalent circuit (ﬁgure refcircuit) has been inspired in previous ones
designed by other research groups ([8], [7]).
The 4.9 represents two sample cells contained in an epithelial monolayer.
To model the circuit, it has been taken into account both the resistance of
the intracellular transport (R2,C2,R3) driven by the impedance that the cell
has itself, along with that of the transcellular one(R1,C1) result of cell-cell
communication .
The expression for the impedance of the cell monolayer follows:
Zcell =
R1R2R3C1C2 (jω)
2 + ((R2 +R3)R1C1 +R2R3C2) jω+ (R2 +R3)
(R2R3C1C2 +R1R2C1C2) (jω)
2 + ((R2 +R3) C1 +R1C1 +R2C2) jω+ 1
(4.3)
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Ce
C2 C1
Re Zw
Rs
R3
R2
R1
Figure 4.9: Circuit representing the epithelial monolayer in parallel with the culture
medium
To model the culture media, we chose a Warburg impedance element. War-
burg impedance is caused by the diﬀusion of ions from bulk electrolyte solution
to the electrode-electrolyte interface [17].
Figure 4.10: Electrode-electrolyte interface modelled with a Warburg element that
reproduces the diffusion of ions from the electrode to the bulk solution
Re: electrolyte resistance Ce: capacitance of the electrode Zw: diﬀusion of
ions
Zω = σ
√
ω(1 – j) (4.4)
Taking into consideration theses elements the expression for the culture
media impedance
Zmedia =
jω3CeRe +Re + σ
√
ω(1 – j)
jω3Ce + 1 + Rs
(4.5)
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We obtained a 79 % ﬁtting of the theoretical expression of the Warburg
equivalent circuit (equation 4.5) to the experimental data.
Comparing the analytical expression of the impedance obtained from the
equivalent circuit and the numerical ﬁtting of the experimental data, we can
quantify the values of the theoretical components of the proposed circuit that
are shown in table 4.1.
R1 0.105 MΩ
R2 6.03 MΩ
R3 2.32 kΩ
C1 1.61 mF
C2 21.7 μF
Table 4.1: Table of fitted values from experimental data
Considering that the external voltage that is applied in the conﬂuent mono-
layer is divided among all the cells found between the electrodes, each cell is
subjected to:
Vi =
Iii
jωCi
(4.6)
Veq = V1+V2+...Vi+...VN =
I1
jωC1
+
I2
jωC2
+...+ ..
Ii
jωCi
+...
IN
jωCN
(4.7)
Since connected components in serial (in this case, conﬂuent cells) have
identical current:
Veq =
I
jω
∗
(
1
C1
+
1
C2
+ ... +
1
Ci
+ ... +
1
CN
)
=
I
jω
∗ 1
Ceq
(4.8)
Assuming all cells have the same capacitance (C):
Veq =
I
jω
∗ N
C
(4.9)
Being N the number of cells between the electrodes, the bigger the sam-
pling distance, the higher N becomes, thus leading to a greater value of the
impedance. In the case of the disrupted monolayer, current will ﬂow through
the cells (transcellular connection) but, since the number of cells between the
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electrodes has decreased, the voltage is distributed partly among the cells and
partly within the culture media, which is more conductive due to its electrolytic
nature. This is going to produce a decrease in its impedance. This is the be-
haviour observed in migrating monolayers, a drop in the impedance compared
to the measurements at conﬂuence.
With this idea we propose that the system has the following equivalent
circuit representing its behaviour (ﬁgure 4.11):
Zmedio
Zmedio
Zcell
Figure 4.11: Schematic representation of the equivalent circuit of a migrating
monolayer
In ﬁgure 4.11 we propose a model where the disrupted monolayer is in
parallel and in serial connection to the culture media leading to the following
expression, regarding that our measurements are in one hand the culture media
itself (Zm) and on the other hand, the monolayer with the culture media(Zmc).
So, to isolate the monolayer impedance alone (Zc), we have considered this
conﬁguration leading to:
Zc =
Zm(Zm – Zmc)
Zmc – 2Zm
(4.10)
From the experimental data, we can operate with the impedance measure-
ment of both Zmc and Zm that could provide us the disrupted monolayer
impedance for further analyses.
4.3.4 [Ca2+] measurements in wounded monolayer
One of the main ions driving cell migration is Ca2+ ([27], [16]), so in order
to determine whether a traumatic stimulus like the one studied here gener-
ates a Ca2+ response, calcium concentration in wounded monolayers were
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stained with Fluo4-AM (Sigma Aldrich). Moreover, in previous publications
([18],[11],[5]) it has been proven that voltage inﬂuences migration, and there-
fore, stimulation with diﬀerent magnitudes of voltage should also elicit a calcium
response (ﬁgure 4.12).
(a) Calcium imaging 0mV
at t=0h
(b) Calcium imaging 50 mV
at t=0h
(c) Calcium imaging 100
mV at t=0h
Figure 4.12: Imaging of intracellular calcium at the monolayer edge labeled with
Fluo4AM rigth after the wound creation and the application of the three different
voltages under study
Fluo4 dye shows intracellular calcium ions in green colour in ﬂuorescence
microscopy, increasing intensity with an increase in calcium ions inside the cell.
As shown in 4.12, at 0 hours, Ca2+ concentration increases at the wound edge,
and this elevation is spread to the neighbouring cells. In the samples aﬀected
by voltage a higher concentration of Ca2+ is observed, increasing as voltage
is increased, and aﬀecting a higher number of surrounding cells. Furthermore,
the cells were incubated 24 hours and their calcium response was also analysed
(4.13). In this case, it can be observed that throughout 24h the calcium re-
sponse has been transmitted many rows in the remaining monolayer for all the
experiments. However, diﬀerences on intensity given by the calcium dye can
be still perceived between the cells subjected to voltage and those that are not.
At this point, all the monolayers are at its maximum velocities, causing this
extended Ca2+ response and showing no signiﬁcant diﬀerence among them.
24h after wounding the monolayer, the collective migration is already sta-
blished and the intracellular Ca2+ is homogeneously spread in the three cases
with no remarkable diﬀerences (4.13).
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(a) Calcium imaging 0mV
at t=24h
(b) Calcium imaging 50 mV
at t=24h
(c) Calcium imaging 100
mV at t=24h
Figure 4.13: Imaging of intracellular calcium at the monolayer edge labeled with
Fluo4AM 24 hours after the wound creation and the application of the three different
voltages under study
4.4 Discussion
In the present work electrical characterization of an epithelial monolayer in both
conﬂuence and migration states have been performed serving to deepen the
understanding of the mechanisms taking place during migration in the wound
healing process.
First, measurements at high frequencies showed less inﬂuence by the sam-
pling area with respect to those at lower frequencies, that detect higher impedance
when measuring a smaller sampling area, as it was proven by Ahmed et al. [4],
when they measured the inﬂuence of electrode geometry on impedance spec-
troscopy.
The impedance response in conﬂuent monolayers were numerically ﬁtted
leading to a 2-pole and 2-zero impedance function (around 80 % of ﬁtting). On
the other hand, based on previous works, we proposed an equivalent circuit that
mimics the conﬂuent monolayer electrical behaviour and provided a theoretical
expression of the impedance. Then, both results the experimental and theoret-
ical, were compared providing the exact values for those electrical components
inside the cells. This result allowed us to study the inﬂuence the electric ﬁeld
has, suggesting a direct implication on cell-cell communication.
Moreover, the impedance response was measured during monolayer migra-
tion showing how these values during migration progressively approached to
conﬂuence values as the monolayer tend to cover both electrodes. The results
have conﬁrmed that, indeed, as the wound edge migrates towards closure, the
measured values increase to attain conﬂuence values, as it had been previously
stated by Wegener et al. [30]. Furthermore, this increase on the impedance has
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been related to the eﬀects that induced external electric ﬁelds have on migra-
tion. In previous studies such as the one acomplished by [20] and [18], it was
demonstrated that when a wounded monolayer is applied with low intensity
voltages, the leading edge migration velocity increases. Here, it has been shown
that an increase in migration velocity due to externally induced electric ﬁelds
triggers an increase in the rate at which impedance values reach its maximum
ones.
Additionally, for a further comprehension of how the factors involved in mi-
gration are aﬀected by induced electric ﬁelds, intracellular calcium was stained
in order to observe how applied voltage impacts its concentration on the wounded
cells. It has been observed that, right after the generation of a wound in a mono-
layer, the number of cell rows behind the edge with intracellular calcium con-
centration marked with Fluo4AM increases with the voltage applied. Moreover,
24 hours after the generation of the wound, the calcium response was extended
many rows behind the leading edge, coinciding with the time at which the mi-
gration velocity is maximum; although no diﬀerence in calcium concentration
between applied voltages was observed.
Nomenclature
TEP Transepithelial potential
EEF Endogeneous Electric Field
EF Electric Field
CaSR Calcium Sensing Receptor
dcEF direct current Electric Field
ECIS Electric Cell-substrate Impedance Sensing
CIEMATCentro de Investigaciones Energeticas Medioambientales y Tecnologicas
Ab/AM Amtibiotic Antimicotic
DMEM Dulbeco’s Modiﬁed Eagle Medium
PBS Phosphate Buﬀer Serum
PDMS Polydimethylsiloxane
DC Direct Current
AC Alternating Current
FITC Fluorescein isothiocyanate
AC Alternating Current
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5.1 Conclusions
A brief summary of the main conclusions obtained during this dissertation is
exhibit during this chapter, although they have been discussed in detail at the
end of each chapter.
Epithelial migration is present in many biological processes such as immune
response, cancer invasion, immune response or wound healing Understanding
the process from a mechanical or physical point of view is a relatively new
discipline.
The spatiotemporal distribution of velocity within the epithelium has been
studied in cellular monolayers smaller than our system. We introduce the nov-
elty of cells’ centroid detection in phase contrast image by means of image
segmentation algorithm. This technique allowed us to characterize density dis-
tribution in time and space.
To understand the role of proliferation governing this processes we performed
experiments in normal conditions and in starvation, inhibiting the ability of cells
to proliferation without compromising cell viability.
Velocity ﬁelds have shown very diﬀerent proﬁles in the two case studies. Ex-
periments performed in starvation showed an initial intent of coordination ex-
hibiting an increase in velocity although it rapidly decayed and some time later
ﬁnally stopped. On the other hand, those experiments performed at normal
conditions showed a long lasting behaviour of coordination within the mono-
layer. Nevertheless both agreed in slightly smaller velocities in those cells found
many rows behind the border, thus spotting fastest cells at the leading edge.
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On the contrary, the analysis of the density in both cases have drawn to
fascinating and unexpected results. We limited the ability of cells to reproduce
in order to force diﬀerent density distributions but, whereas they end up with
the same proﬁles. This work means a new insight on the relation between
cell density and velocity in migration regarding cell proliferation with similar
conclusions shown in the work presented by Tlili et al.
To our knowledge just few studies focused on studying the role of density
during monolayer migration. Density is a key variable to consider and control
in in vitro wound healing assays. There is a critical density or threshold below
which the coordinated movement to close the wound gap is not established.
Some studies such the ones performed by Tlili et al. and Tremel et al. have
proposed and shown that cells far from the edge, since they developed little
movement, they provide the tissue with new cells allowing those at the front
to keep advancing without breaking the tissue. In the case of starvation, since
there is not proliferation cells at some point stop to avoid holes formation or
tissue damage.
We performed BrdU staining in order to test where the proliferation is taking
place. We were not able to determine the spatio-temporal distribution of cell
division with this tool. We could only test that the starvation experiments
showed less amount of dividing cells without increasing the apoptotic ones.
Since the stress has to be propagated from the cells found at the edge to
the inner tissue to coordinate the movement towards the free space, we also
stainned the F-actin ﬁbers to see their the distribution within the monolayer.
Although it seemed to be a characteristic length of elongated ﬁbers we were
not able to determine it with certain reliability nor deﬁne diﬀerences between
normal conditions and starvation. Nevertheless monolayers subjeted to star-
vation appeared to be more stretched and stressed. According to Zahm et al.
cells cannot do both activities at the same time, if they are involved in a highly
coordinated movement trying to close a wound or discontinuity they are not
able to reproduce. This phenomenon is commonly known as "go-or-grow" since
the cytoskeleton is needed and involved in both processes, cell division and
crawling.
In chapter 2 we proposed a in silico model based on precious published work
from Banerjee et al. Since in our experiments we were able to measure density
we introduced it in the continuum model in order to improve the prediction and
results from this kind of models. As a simpliﬁcation, we decided to start without
proliferation since BrdU did not provide us any spatio-temporal distribution of
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cell division within the tissue. Besides, we set the polarization force term as
a density gradient stablishing that the discontinuity in the monolayer is main
driving component of the migration. We ﬁt the termporal evolution of the
length of the monolayer as a tool to achieve the value of the free parameters
from the model. With the resulting parameters we obtained the rest of the
variables conforming the model, de displacements, density and concentration of
contractile units.
We found that the initial size of the tissue plays an key role in the model
and suggested us that this mathematical models are mainly designed for small
systems. Finally we analysed the role the parameters, and besides the terms
that go with them, have on the model resulting that diﬀusivity and internal
pressure could be neglected.
In the third chapter we characterize the impedance of a conﬂuent monolayer
and then we applied diﬀerent electric ﬁelds on semi-inﬁnite monolayer forcing
diﬀerent kinematic responses. Regarding the impedance data obtained from
the phase-gain impedance analyser, we then proposed an equivalent circuit that
modelled the transcellular and paracellular communication of the cells. Firstly,
we measured the culture media to take into account its impedance due to its
electrolitic nature. Then, we measured both together, cells monolayer immersed
in culture medium so we could extract medium component from the system
and isolate cell monolayer behaviour, With the obtained data we proposed
an equivalent circuit that ﬁtted at 80% the experimental data. This model
provided the approximate values composing the circuit and gave us some ideas
of how cell-cell communication behaves.
Additionally, for a further comprehension of how the factors involved in
migration are aﬀected by induced electric ﬁelds and we observed that the higher
the electric ﬁeld the largest migration rates the monolayer exhibited. Besides,
to deeper understanding of cell-cell communication, intracellular calcium was
stained in order to observe how applied voltage impacts its concentration on
the wounded cells. It has been observed that, right after the generation of a
wound in a monolayer, the number of cell rows behind the edge with intracellular
calcium concentration marked with Fluo4AM increases with the voltage applied.
Moreover, 24 hours after the generation of the wound, the calcium response
was extended many rows behind the leading edge, coinciding with the time at
which the migration velocity is maximum; although no diﬀerence in calcium
concentration between applied voltages was observed.
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